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imidazolium and ammonium ILs was evaluated against a freshwater organism: Guppy
fish, Poecilia reticulata. The LC50S were determined according to the Organisation for
Economic Co-operation and Development (OECD) guideline 203 (fish acute toxicity
test) and found to be in the range of 36.30 to 177.83 mgL"1, which lay on a slightly
toxic to practically non-toxic basis on the acute toxicity rating scale by the Fish and
Wildlife Service (FWS). The results showed the contribution of the alkyl chain length
similar to other toxicity studies. Imidazolium ILs exhibited less toxic behaviour than
the ammonium ILs. Incorporation of the hydroxyl group in the side chain of the
imidazolium cation showed less toxic effect compared to the non-hydroxyl
imidazolium ILs.
The second method for assessing the toxicity of ILs was conducted using bacteria.
Microbial screening was performed using the well-diffusion method to predict the
concentration range where the EC5o can be found. The Minimal Inhibitory
Concentration (MIC) was determined visually from the wells of seven different
concentrations. The ECsq was thus calculated from the viability-concentration curve.
Eight different human pathogenic bacteria were used to carry out these experiments,
such as gram positive Staphylococcus aureus, Listeria monocytogenes, gram negative
Escherichia coli, Aeromonas hydrophila, Salmonella enterics., Klebsiella
pneumoniae, Vibrio cholerae and Salmonella paratyphi. The EC50 values displayed a
trend of decreasing with an increasing of the alkyl chain length for all the bacteria
tested. All the results were compared with the standard antibiotic, Gentamicin, which
was more toxic than the tested ILs.
The third toxicity tests were conducted using the human breast cancer cell line
(MCF-7). The human breast cancer cell line, MCF-7 (acronym of Michigan Cancer
Foundation-7) has been used for the cytotoxic assay, due to the availability and easy
work up of this cell line. It is a well characterized cell line, and has been widely used
in toxicity and safety studies as an alternative for in vitro experiments. The MCF-7
cells, originally purchased from the American Type Culture Collection (ATCC), were
cultured in a RPMI 1640 medium. IC50S were calculated from the dose-response
curves for each IL. The alkyl chain length on the imidazolium cation also had an
effect on the toxicity, which increased with the increased chain length. The cell




Dalam masa terdekat ini, Cecair Ion (IL) telah mendapat lebih perhatian disebabkan
penggunaannya yang mudah dan meluas dalam sektor industri akademik. IL juga
boleh didefininasikan sebagai pelarut kejuruteraan kerana sifatnya kebolehlarasan dan
fizikal boleh dicapai dengan menukar struktur kumpulan supaya ianya berfungsi
dalam keadaan selamat. Disebabkan mudah larut dalam air, IL boleh menimbulkan
kepada persekitaran akuatik mudah yang membawa untuk mengkaji potensi toksik
bahan kimia. Penilaian IL yang sistematik boleh member nilai IL dari segi ciri-ciri,
ketoksikan dan keadaan kritikal mereka kepada alam sekitar. Kajian ini menumpukan
kepada penyediaan dan karakteristik IL dalam perlbagai julat tertentu serta kajian
ketoksidan dijalankan keatas menggunakan tiga organisma yang berbeza: ikan air
tawar, mikroorganisma, dan barisan sel mantap. Tiga puluh lima hidroksil IL yang
difungsikan dengan ammonium imidazolium, dan relung pyridinium disintesiskan
daripada imidazole dan amina prekursor alifatik dan dicirikan oleh inframerah, 1H-
NMR spectroscopies dan analisis unsure. Empat sifat-sifat fizikal yang berbeza telah
diukur untuk IL imidazolium sebagai fungsi suhu pada tekanan atmosfera dan telah
dipasang menggunakan fungsi korelasi empirik mudah. Nilai ketumpatan, kelikatan,
indeks biasan dan ketegangan permukaan ditemui pada 1.14-1.06 g.cm"3, -575-1408
mPa.s, -1.51 and -32.05-51.25 raN.m"2 bagi setiap l-(6-hydroxyhexyl)-3-
alkylimidazoium chloride IL. Dengan suhu yang semakin meningkat, ketumpatan,
indeks biasan dan ketegangan permukaan IL individu menurun secara linear kecuali
kelikatan menurun pesat. Selain itu, peningkatan dalam rantaian sampingan panjang
karbon kation imidazolium ditemui untuk mengurangkan ketumpatan dan ketegangan
permukaan tetapi meningkatkan kelikatan dan indeks biasan. Penyatuan kumpulan
hidroksil dalam rantaian sampingan alkil dari cecair ionik imidazolium telah
meningkatkan kelikatan dan ketegangan permukaan dimana ianya boleh dikaitkan
dengan kekuatan ikatan hidrogen dengan ion lain.
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Ujian toksid ketiga telah dijalankan dengan menggunakan garis manusia sel
kanser payudara (MCF-7). Selaras sel kanser dada manusia, MCF-7 (singkatan
Michigan Kanser Yayasan-7) telah digunakan untuk cerakin citotoxik, disebabkan
kepada ketersediaan dan kerja mudah garis sel ini. la ialah satu garis sel yang
dicirikan dengan baik, dan telah digunakan secara meluas dalam kajian ketoksikan
dan keselamatan sebagai alternatif dalam eksperimen vitro. MCF-7 sel, asalnya dibeli
dari Amerika JenisKebudayaan Koleksi (ATCC), dikulturkan dalam medium RPMI
1640. IC50S telah dikiradari keluk dos-gerak balas bagi IL setiap. Panjang rantai alkil
pada kation imidazoliumjuga mempunyai kesan ke atas ketoksikan, yang meningkat
dengan peningkatan panjang rantai. Respons sel berbanding dengan budaya kawalan
tanpa ILS di mana kematian sel mungkin digambarkan.
Walau bagaimanapun, eksperimen yang dijalankan memerlukan masa yang
panjang dan pelbagai sumber fizikal dan kimia yang penting. Pada dasarnya, terdapat
lebih satu juta IL yang boleh disintesis, walaupun hanya kira-kira 1000 telah
dilaporkan sehingga kini. Oleh itu, terdapat keperluan untuk menyediakan yang lebih
cepat dan lebih berkesan serta kos pendekatan untuk menilai toksid akuatik IL. Model
matematik baru telah dibangunkan bahawa tahap toksid (EC50) pelbagai IL dalam air
tawar Daphnia magna, bioluminescence bakteria Vibrio fischeri, sel garisan yang
ditubuhkan, seperti MCF-7 (garis sel kanser payudara manusia) dan IPC-81 (garis sel
tikus Leukemia) melalui hubungan kuantitatif struktur-aktiviti (QSAR). Dataset telah
dibina dan dianalisis menggunakan dijumlahkan sumbangan daripada kation dan
gantian alkil mereka, dan anion. Model telah dibangunkan dengan menggunakan
gabungan Regresi Linear (MLR) dan polinomial (PN) kaedah. Kod ini telah ditulis
dengan menggunakan perisian MATLAB. Model yang dibangunkan meramalkan IL
toxicities dengan ketepatan yang tinggi yang sama untuk R > 0.97 dan ralat piawai
anggaran < 0.028. Model ini mampu menjadi satu praktikal alternatif, kos efektif dan
mudah kepada penilaian toksikologi eksperimen IL.
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Ionic liquids (ILs) are a group of organic salts, having lower melting points (below
100 °C) than the other salts. The IL was introduced by Paul Walden in 1914 [1] who
first successfully prepared ethylammonium nitrate, [EtNH3][N03], (m.p. 12 °C) by the
addition of concentrated nitric acid to the ethylamine. Later, after 100 years, ILs
began to gain more of the attention of scientists when first room temperature IL with a
l-alkyl-3-methylimidazolium cation was reported [2]. They are currently considered
as a remarkable class of solvents due to their large liquidous range and non-volatile
behaviorand can be used for a broadrange of industrial applications. Research on this
area is rapidly increasing due to their exciting applications and wide usages. The
reason for the increasing interest is clearly due to the realization that these materials
have a greater utility as solvents for reactions and material processing, media for
extraction, and working fluids for mechanical applications. Volatile organic
compounds (VOCs) were previously used as solvents (such as, methanol, ethanol,
benzene, toluene, ether etc.) in industrial applications causing a major concern in the
current chemical processing industry. The main obstacles of these chemicals were the
toxicity of the organic solvents to both the process operators and the environment.
The volatile and flammable nature of these solvents also makes them potentially
hazardous substances. The toxic effects of many solvents combined with serious
environmental issues, such as atmospheric emissions and contamination of aqueous
effluents are making them harmful to use. Thus, many researchers have emphasized
the improvement of green engineering which represents research aimed at finding
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Figure 1.1: Applications of ILs.
Aquatic organisms are the first recipient of most toxic substances generated by
industrial, agricultural and domestic activities due to the toxins being released often
into the environment or the accidental diffusion. Since ILs are soluble in water, they
may cause a large impact on aquatic bodies. Although the management of chemicals
entering into the water resources is difficult because contaminants can enter into the
aquatic system from a multiple of diffuse sources, there is a need to know the
ecotoxicological impact from the contaminants. Aquatic ecosystems are flexible with
different physical, chemical and biological mechanisms by which the chemicals may
be assimilated without serious implications for endemic biota [21]. When the
contaminants reach levels in excess of the assimilative capacity of the receiving
waters, they may affect the survival, development, growth, reproduction or behavior
of organisms.
The toxicological assessment of chemicals is normally studied in the laboratory
using standard toxicity bioassays, and it shows the relative toxicity of the chemicals
comparing their impacts on test organisms with those of a standard [22]. Acute toxic
bioassays generally expose the organisms to a range of chemical concentrations for a
short amount of time and determine an LC50 value for the chemical, the concentration
that produces 50% mortality (i.e., Lethal Concentration) in a test population over a
specific time period [23]. If an effect exception of mortality is investigated (e.g.,
growth or reproduction), EC50 is used as a term to express the effect concentration
An alternative approach to the risk assessment is to predict the toxicity of ILs via
first-principle calculations or structure-property correlations [32]. The first of these
approaches is generally not viable with current theories. On the other hand, the latter
method, in the form of quantitative structure-activity [or property, or toxicity]
relationship (QSAR or QSPR or QSTR), is relatively straightforward and has been
applied widely to the modeling and prediction of many physicochemical and
biological properties. In particular, QSAR based on group contribution methods has
been frequently used to estimate thermodynamic and other properties from the
summative contributions of molecular structures. Properties evaluated to date have
included boiling points, melting points, aqueous solubilities, toxicities and retention
indices, the last with particular focus on medicinal drugs [33-34], Molecular
fragmentation was applied as a base to predict the toxicity of ILs with Vibrio fischeri
using small number of datasets [35-36], which can be extended for the known species
used for toxicity evaluation.
In this work, the attention has been given to synthesis, characterization, and
thermo-physical properties study of the functionalized ILs which have the potential
for industrial application. The toxicity varies related to the functionality, which is
similar in properties as well. Primary toxicity data profiles have been developed for
various trophic level organisms such as fish (guppy), bacteria (human pathogenic
bacteria) and human established cell line (MCF-7) with the intention to provide a
clear scenario about the ecotoxicity of ILs. This will help in understanding the impact
of ILs on the environment and humans, emphasizing, where possible, which structure
will contribute to the least damage to the aquatic environment. In addition, QSAR has
been established on aquatic vertebrate (Daphnia magna), bacteria (Vibrio fischeri)
and cell lines (MCF-7 and IPC-81) based on group contribution technique using the
dataset prepared from published and experimental results.
1.2 Problem Statement
ILs are highly soluble in water and industrial discharge of spent or waste ILs into
natural water bodies may pose significant detrimental ecotoxicological consequences
1.3 Research Objectives
This research focuses on the improvement of the knowledge base for molecular
design of ILs with a reduced eco-toxicological hazard contribution. The objectives of
this study are:
a) To synthesize and characterize the functionalized ILs with different polar or
non-polar functional groups in the structure followed by the determination of
their thermophysical properties.
b) To measure the toxicity of the ILs using three trophic level organisms:
freshwater fish, bacteria, and human cell.
c) To develop quantitative-structure-activity-relationship (QSAR) model based
on the results obtained from the experimental work and other published
literature data for aquatic species (Daphnia), bacteria (vibrio), and established
cell lines (MCF-7 and IPC-81).
1.4 Scope of Research
This work aims to establish the toxicity data profiles of ILs on freshwater fish,
bacteria and human cell. It is also intended to study the contribution of the different
functionalities of the ILs on toxic effects. New functionalized ILs synthesized by
varying the alkyl chain length and their physical properties (density, viscosity,
refractive index and surface tension) studied. Imidazolium, ammonium and
pyridinium ILs were studied experimentally for their toxic profiles on different
species. These species are freshwater fish (guppy), human pathogenic bacterial strains
(such as gram positive Staphylococcus aureus, Listeria monocytogenes, gram
negative Escherichia coli, Aeromonas hydrophila, Salmonella enterica, Klebsiella
pneumoniae, Vibrio choleras and Salmonella paratyphi) and the established human
cell line (MCF-7). Results from the experimental works incorporated with others
obtained from published literature were used together to build the dataset for the code
written using MATLAB software to develop QSAR models. These models can be
used as alternatives to experimental assessments.
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fish, bacteria and human cells and finally the estimation of the EC50 based on
a group contribution method. A description on the various techniques
typically used in literature to measure the physical properties of pure ILs is
discussed. A current research on toxicity of ILs was summarized in different
trophic level organisms which motivates the present study of IL toxicities. A
comparison was made with the methods used for the estimation of the IL
toxicities which accelerates this study to provide an accurate prediction of the
EC5o's using QSAR models.
c) Chapter 3 Methodology: It presents the research methodology used in the
present work. The list of chemicals and apparatus used in this study to
synthesis and characterize ILs are also given along with the detailed
experimental procedures. It also highlights the experimental procedures,
methodology, and basis for evaluating the EC50's with the three different
species studied in this work. The algorithm used for the toxicity prediction
using MATLAB software was described including the manual procedure
needed for preprocessing of the data.
d) Chapter 4 Synthesis and Characterization of Ionic Liquids: It presents the
experimental results on the synthesis, and characterization of the ILs.
Imidazolium, Ammonium and Pyridinium based ILs were synthesized
according the usual procedure and characterized byIR and NMR spectroscopy
and elemental analysis.
e) Chapter 5 Thermophysical Properties of Ionic Liquids: Thermo-physical
properties such as density, viscosity, refractive index and surface tensions
were estimated for imidazolium ILs as a function of temperatures. The results
were analyzed considering the effect of temperature andalkyl chain length.
f) Chapter 6 Toxicity Evaluation of Ionic Liquids: Aquatic toxicities on Daphnia
and fish (Poecilia reticulata) have been evaluated and presented with the
standard error. OECD guideline 203 was strictly followed to conduct the tests
and LC50 calculation. The antibacterial screening has been done for the eight




This chapter provides a review on the related research work in the field of synthesis,
characterization and physical properties of the ILs and specifically their toxicity
studies on freshwater fish, human pathogenic bacteria and an established human cell
line.
ILs are specific kinds of organic salts that consist of both the cation and the anion,
and have properties as green solvents because they are non-volatile and recyclable
[38]. Due to their number of unique properties such as high chemical and thermal
stability as well as solvation behavior, ILs represent a promising potential for
technological applications [39]. Obviously, the large range of possible ion
combinations between cations and anions permits the tuning of the ILs, allowing
them to be designed for a particular application or to show a specific set of intrinsic
properties, and thus they are considered as "designer or neoteric solvents" [3].
Due to their often high solubility in water, future possible industrial discharge of
spent or waste ILs into natural water bodies may pose significant detrimental
ecotoxicological consequences for aquatic organisms, which has been explained in
several studies [37, 40-42]. Standard experimental ecotoxicological assessments
employ bioassays on recommended organisms to evaluate the ecological risk posed
by a test substance towards the aquatic environment [37] which is indeed the desire to
establish green chemistry and green technology. Indeed, the biological effects of a
number of ILs have recently beenreported on various aquatic organisms including the
marine bacterium Vibrio fischeri [43-44], algae [45-46], the freshwater crustacean
Daphnia magna [41] and the freshwater snail Physa acuta [40].
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Paul T. Anastas with graduate student Rachid Skouta at a green chemistry
workshop first addressed green chemistry; later on, collaborating with John C.
Warner, they developed the twelve principles of green chemistry [47] for the United
States Environmental Protection Agency (US-EPA), which helped to explain the
related definitions in practice. The principles are:
a) The design of processes to maximize the amount of raw material that ends up
in the product;
b) The use of safe, environment-benign substances, including solvents, whenever
possible;
c) The design of energy efficient processes;
d) The best form of waste disposal: do not create it in the first place.
The twelve principles are:
No. Title Statement
1 Prevent waste Design chemical syntheses to prevent waste, leaving
no waste to treat or clean up
2 Design safer chemicals Design chemical products to be fully effective, yet
and products have little or no toxicity
3 Design less hazardous Design syntheses to use and generate substances
chemical syntheses with little or no toxicity to humans and the
environment
4 Use renewablefeedstock Use raw materials and feedstock that are renewable
rather than depletable. Renewable feedstocks are
often made from agricultural products or are the
wastes of other processes; depletable feedstocks are
made from fossil fuels (petroleum, natural gas, or
coal) or are mined
5 Avoid chemical Avoid using blocking or protecting groups or any
derivatives temporary modifications if possible. Derivatives use
additional reagents and generate waste
6 Maximize atom economy Design syntheses so that the final product contains
the maximum proportion of the starting materials.
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The bioluminescence inhibition assay [43-44] was used to determine the acute
toxicity towards Vibrio fischeri. Data published by these works, constituted the
rationale for a quantitative structure-property relationship (QSPR) modelling
performed by Couling et al. [8]. Despite very promising results in predicting
logio(EC5o) for aromatic ILs, the correlation developed by the authors was less useful
in modelling the behaviour ofammonium and phosphonium salts.
The information about the solvent properties such as density, isobaric coefficients
of thermal expansions, viscosity, refractive index, surface tension, and thermal
stability are essential in providing the basic understanding for the process
developments. The nature of the solvents used could be organic or inorganic
depending on their base components as well as the physical or chemical intrinsic
characteristics.
2.3 Ionic Liquids
The world of ILs started with the first report of the synthesis of ethylammonium
nitrate [EtNH3][N03], with a melting point of 12 °C by Paul Walden [1]. The main
consensus seems to be that the first major studies of room temperature molten salts
were made in the 1940s by a group led by Frank Hurley and Tom Weir at Rice
University [55-57]. When they mixed and gently warmed powdered pyridinium
halides with aluminum chloride, the powders reacted, giving a clear, colorless liquid.
These mixtures were meant to be used in electrochemistry, particularly in
electroplating with aluminum. The dramatic change in IL research was opened by the
introduction of alkylimidazolium salts in the early 1980s that accelerated activities in
the area of room temperature ionic liquids (RTILs) [2].
The ever increasing interest in ILs grows from their interesting physical properties
and the simplicity by which they can be adapted for a specific system. Generally, the
cations are bulk organic structures with low symmetry. Most of the described IL
based cations are shown in Figure 2.1. The most common cations consist of
imidazolium, pyrrolidinium, pyridinium, tetraalkylammonium, and




































Figure 2.2: Classification of ILs
As shown in Figure 2.3, the count of publications with the topic "ionic liquids"
has grown rapidly over the last ten years. The numbers were obtained by a topical
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Figure 2.3: Publications per year dealing with the ILs.
Lately, ILs are gaining strong interest from both the academic and industrial
fields, for their promising unique properties. Compared to conventional organic
solvents, the use of ILs for synthesis and extraction has great advantages; their
respective properties are determined by the unique combination of cation-anion
properties [64], Besides, the cation and anion, the size, geometry, and charge
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In order to apply ILs for various industrial applications, their reliable basic
physical properties are needed to design and scale up process equipments [52]. The
measurement of the physical and transport properties of solvents including density,
viscosity, surface tension, refractive index and thermal decomposition to set the
feasible temperature operating range plays a key role in the development and design
of a separation process [71]. The knowledge of these basic physical properties of
solvents can be further used to drive other properties such as the isobaric coefficients
of thermal expansions and excess volumetric properties [72-73]. Moreover, the
knowledge of physical properties of process solvents are also important for
understanding therate and mechanism ofmass transfer and the modeling of absorbers
and regenerators as these properties greatly affect the liquid-film transfer coefficients
[74].
ILs have recently been used in various applications, which has promoted the
interest of conducting research in this area. Due to their unique properties, ILs can be
used as media for catalysis [75], liquid crystals [76-77], extraction and separation
processes [78-79], metal refining, fuel-cell electrolytes [80], and removal of metal
from lubricants and aquatic waste [81]. The production of bio-chemicals and bio-fuels
by fermentation, bio-catalysis and related techniques is a breakthrough for energy-
intensive separation of organics by using ILs [82].
2.3.1 Functionality in ILs
Since last twenty years, various types of functionalized ILs have been categorized as
being "task-specific ILs"; ILs have been designed and synthesized for specific
purposes such as catalysis, organic synthesis, separation in common techniques as
well as nano-materials and ion conductive materials. The salts are defined as
functionalized ILs when the ILs structures contain a functional group, covalently
tethered to the cation, the anion, or a zwitter ionic form of the salt. It is typically the
cation that bears the reactive moiety, whereas the anion comprised of active
constituents are few.
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acid-base protic ILs were prepared from the controlled neutralization of a monoprotic
inorganic acid with an organic base under the solvent-free conditions [89-90].
A- R = Me, Butyl, Hexyl, Decyl, CfLjOC^,
R^N^V'H CH2°C6Hi3> CH2OC9H19, CH.OC^H,,
A - DL-Lactate, L-Lactate, Salicylate, BF4, NTf2
Figure 2.6: Possible protic imidazolium ILs.
2.4 Synthesis of ILs
Due to the ever-growing number of papers describing the applications of ILs, their
preparation and purification have in recent years taken into account to the need to
know. The purity of the ILs is also an area of increasing interest as the nature of their
interactions with different solutes comes under study and the contribution of
impurities in their properties will make the values confusing. The story of ILs is
generally regarded as beginning with the first report of the preparation of
ethylammonium nitrate [(C2H5)NH3][N03"] (m.p. 12 °C) in 1914 by the protonation
of concentrated nitric acid to ethylamine [1]. The synthesis of ILs can generally be
split into two sections: the formation of the desired cation and anion exchange where
necessary to form the desired product (Figure 2.7). The formation of the cations may
be carried out either by protonation with a free acid, or by quaternization of an amine
or a phosphine, most commonly with a haloalkane. The anion-exchange reactions of
the ILs can really be divided into two distinct categories: direct treatment of halide
salts with Lewis acids and the formation of ILs by anion metathesis.
+ Lewis acid MX
+R/X y > [R^IMX^]-
R SteP1 \ 1.+Metal salt M+[A}-
Cyclic or acyclic \ - MX (precipitation)
N-heterocycles Step lib' 2. +Bronsted acid H1A]* [K%WW'
- HX (evaporation)
3. Ion exchange resin
Figure 2.7: Typical synthesis paths for the preparation of ILs.
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The chemical properties, such as, melting point, boiling point, density, viscosity,
and refractive index are considered to the mechanics and engineering components
associated with a process, which can determine the necessary parameters including
rates of liquid-liquid phase separation, mass transfer, and the power requirements of
mixing and pumping [92]. The overall properties of ILs result from their main
fragments, such as cation (head groups and substituents) and anion. Cationic species,
which include heterocyclic aromatic ring with an alkyl chain or various functional
group attachments and anionic species are the most often used anion, sometimes with
exceptional an alkyl chain or bulky groups. From the literature, it was predicted that,
in ILs, the anion controls their solvation in water or ionic mobility, and the cation has
an involvement on their lipophilic behavior, viscosity, density, refractive index or
melting point according to the physical nature or size of the cation and anion species
[92]. However, it is not consistently the same with all varieties of ILs. It can be
changed by altering the physical state by supplying the thermal energy into the ILs or
due to the presence of functional groups attached with the head group or with the
substituents [94]. The imidazolium ILs, which were frequently used for application in
multiple fields, and the functional group attached to them can give more attention to
the researcher as functional ILs are known asmore biodegradable and non-toxic [91].
Hydroxyl functionalized ILs have played an important role to increase the
enantioselectivity of the reaction as less than 1% hydroxyl ILs can enhance the
enzyme activityby a factor of up to 4 [95]. l-(2-Hydroxyethyl>3-methyl imidazolium
ILs with anions: C1-, Br", BF4", PF6" and Tf2N" were synthesized and theirphysical and
electrochemical properties for electrolytic application were studied [86]. Hydroxyl-
substituted imidazolium ILs were synthesized and assessed for the potential in
functionalizing clays for use in formulation of high performance epoxy
nanocomposites [96]. For prediction, a preliminary design feasibility calculation was
compared for three ILs and it was confirmed that they can be used as solvents for
extracting 1-butanol from water [82]. The alkyl chain length plays a significant role in
ILs properties, such as density, viscosity, and toxicity; the longer the alkyl chain is,
the more toxic is the IL [97]. The actions of the imidazolium ILs with varying chain
lengths was also studied on Vibriofischeri [43].
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Figure 2.8: Effect of the cations on the densities of [NTf2]- based ILs [98].
The symbols referred as •, [C2mim]+; •, [C4mim]+; T, [C6mim]+; •, [C8mim]+; ♦ ,






Figure 2.9: Effect of the anions onthedensities of [C4mim]+ based ILs [98].
The notifications used in (Figure 2.9) are •, [NTf2]; •, [PF6]; A, [OTf] and V,
[BF4]. Holbery and Seddon [101] investigated imidazolium based ILs with the [BF4]
anion and concluded that the density of the ILs decreased linearly with an increasing
temperature but at a rate less than that for molecular organic solvents.
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op) _ A, (2.5)ap = 5T Aq+A/T
The values of ap for the ILs did not change appreciably with temperature (£ 2.5%
over the 50 K interval studied) as found previously for other imidazolium-based ILs
[103]. It is noteworthy that ap increased with an increasing alkyl side-chain length on
the imidazolium cation, which may reflect coiling of the side-chain.
Density values can help for the determination of several thermodynamic and
physicochemical properties. Knowing the density of the ILs, the molecular volume
(Vm) can be calculated and it is the sum of the cation and anion volumes. The
molecular volume (Vm in cm3) can be calculated using the equation (2.6) at the STP
state of temperature and pressure [105-106].
M
V™—p (2-6)
where, Mis the molar mass in g.mol"1, NA is Avogadro's constant in mol"1 and p is
the density (in g.cm'3). From calculated values of the molecular volume (Vm), the
standard entropies (S°) of the ILs can be calculated using the equation (2.7) following
Glasser's theory [107-108].
S° -1246 .5(Fn,)+29.5 (2.7)
where, here Vm is the molecular volume in nm3 and S° is the standard entropy in J.K"1
.mol" . The values estimated were noted to have an inverse relationship with the
density. With the density parameters, it is possible to determine the enthalpy of
formation of a compound AH° usingthe equation (2.8):
A//0 =A//c°ation -f A/fa°nion +AHayMlJtvkc (2.8)
The lattice energy (A//crystalJatice in KJ.mol"1) of salt is related to the strength of the
interactions in its ions. The lattice energies for the ILs can be calculated by using the
equation (2.9) based on Glasser's theory [109].
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measured using a cone and plate (Brookfield viscometer) and rational (SVM 3000,
Stabinger, Anton Paar) viscometers.
Viscosity is an important physical property of ILs. High viscosity value chemicals
are useful for applications as lubricants or engineering systems while low viscosity
values are generally desired in order to use ILs as solvents. The viscosities of the ILs
are relatively high compared to those of common organic solvents. Organic solvents
typically have room temperature viscosities ranging from 0.2 to 10 cP whereas ILs
display a broad range of room temperature viscosities, from 10 to greater than 105 cP
[58]. The viscosities of the ILs vary mostly depending on the choice of organic
cations and anions.
Huddleston et al. [92] presented the viscosities of [C4mim] based ILs with a wide
range of fluorinated and non-fiuorinated anions at the temperature of 298 K. In their
results, they showed that the viscosities of the ILs are two or more orders of
magnitude greater than most of the traditional organic solvents (methanol, ethanol)
and are more comparable to the viscosity values of typical oils (soybean oil). At any
particular temperatures, the viscosities of the ILs seem to be more viscous than
soybean oil but somewhat less viscous than glycerin [112]. In general, a decrease in
the viscosities of the ILs has been found with an increase in the temperature due to the
diminishing effect on the strength of the interactions between their cations and anions.
Restolho et al. [113] reported the viscosity of two imidazolium ILs where one is the
member of a new series that contains the alcohol -(CH2)20H as a functional group
using a quartz crystal microbalance technique between 288 K and 328 K. They
showed that the viscosity of the hydroxyl imidazolium ILs was unexpectedly high
when compared with those of ([C8mim][BF4]) (the former > 1580 mPa.s at 20 K and
the latter -410 mPa.s). The viscosities (Figure 2.10) as a function of the temperature
at atmospheric pressure for the four pyridinium ILs have been measured and the
obtained data were analyzed to evaluate the effect of temperature, and the length and
number of the alkyl chain on such properties [114]. The viscosity values were then
fitted using the Arrhenius (2.10) and Vogel-Fulcher-Tamman (VFT) equations (2.11)
and are usual, the dynamic viscosity decreased as the temperature increased.
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2.6.3 Refractive Index
The refractive index of a substance is the measure of the speed of light of that
substance, which can be used to calculate the sound or light permittivity and
permeability of viscous fluids. Since the refractive index is a fundamental property of
a substance, it is often used to identify a particular substance, confirm its purity, or
measure its concentration. The refractive indices of the [C4mim] based ILs with [BF4],
[Br] and [I] were presented by Kim et al. [115] at temperature ranging from using
292.2 K to 323.2 K using Abbe Refractometer 3T (Atago Co.) with a measuring
accuracy of 10"4. They reported that the temperature effect on the refractive index of
the ILs was almost negligible as in the case of [C4mim][BF4], the refractive index
decreased from 1.4227 to 1.4172 when the temperature was raised from 293.2 K to
323.2 K. However, they observed that the refractive index values were highly
dependent on the type of IL anion, i.e., the refractive index values were found to be
the decreasing order of effect of [BF4], [Br] and [I]. The phase diagrams for the
liquid-liquid transition of the binary solution of [C6mim][BF4] and alcohols were
determined by measuring the temperature dependence of the refractive index in the
two phases of the samples of the critical composition [116]. The refractive indices of
[C2mim][EtS04] and its binary solution with ethanol and water have been measured
by Gomez et al. [117] at temperatures ranging from 288.15 to 343.15 K using an
automatic refractometer ABBEMAT-WR Dr. Kernchen with a resolution of ± 10"6
and an uncertainty in the experimental measurements of ± 4xl0"5.
In recent studies, Gomez et al. [118] reported the experimental refractive indices
of four pyridinium-based ILs, and molar refractions have been calculated from the
refractive indices. The refractive indices of the hydrophobic ILs containing
dimethylpyridinium and trimethylpyridinium cations have been determined and
compared with the toxicity values towards Vibrio fischeri, where they found that most
of them exhibited high refractive indices and increased hydrophobicity and thus,
increased toxicity [119]. However the information related to the impurities which
could be associated with these ILs is missing in the literature which is an obstacle to
comment on the reliability of the data. Deive et al. [120] correlated satisfactorily the
relation of the densities and refractive indices of the benzyl substituted Imidazolium
31
2.6.4 Surface Tension
The surface tension is another important property to be considered in the design of gas
separation systems such as absorption columns. It can be expressed as y and the unit is
mJ.m" or mN.m" . The interfacial tension values of solvents greatly affect the
hydrodynamics and mass transfer rate of acid gases during the absorption process.
The surface tension value solvents also help to understand the undesirable formation
of foam during the absorption of acid gases in a solution of aqueous alkanolamines.
The problem of foaming is associated with the dispersion of a gas in a liquid and
depends on the characteristics and chemical structure of the components used for each
system under study [121].
Experimental measurements of the surface tension of six imidazolium-,
pyridinium-, pyrrolidinium- and phosphonium-based ILs with a
bis(trifluoromethylsulfonyl)imide anion were carried out in different temperature
ranges from 293 to 353 K [122]. They investigated the influence of the length and
position of the cation alkyl chain and the cation family on the surface tension of the
ILs based on the [NTf2] anion, to which they extended in order to determine the
surface thermodynamic functions, such as, surface entropy and enthalpy, and the
critical temperatures of the ILs studied. The results obtained indicate that the ILs
possessed a low influence on the surface tension, whereas the substitutions of the
most acidic hydrogen at the C-2 position in the imidazolium cation by a methyl group
leads to increased surface tension values as well as the surface tension dependency on
the temperature. Restolho et al. [113] reported the surface tensions of the room
temperature ILs based on the imidazolium cation alone, [C8mim][BF4] and with the
hydroxyl group in the side chain, and [C2OHmim] [BF4] using the pendant drop
technique, where they found a highly increased surface tension due to the
incorporation of the hydroxyl group (the former 64.7 mJ.m"2 at 25.7 °C and the latter
32.7 mJ.m" at 24.65 °C). They also studied the influence of the water content on
surface tension showed that the surface tension decreased by 6% (from mass fraction
of 8x10" to 5x10" ) when the water content had a six-fold increase, but it increased
again by 1.6% when the water content further increased to the mass fraction of 3x10"2.
They explained that this behavior was due to the decrease in the electrostatic
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[ii]. Forensic toxicology, used for judicial purposes, is concerned with the
detection, of the unlawful use of toxic agents.
[iii]. Environmental toxicology is concerned with the effects of toxins,
whether purposely applied (such as pesticides) or derived from industrial
processes, on health and the environment.
Large exposures to chemicals can affect the human's health directly or indirectly
(Figure 2.11) by disrupting ecological systems that exist in rivers, lakes, oceans,
streams, wetlands, forests and fields. The release of chemicals into the environment
can have a global impact. Environmental toxicology is a multidisciplinary science













Figure 2.11: Potential exposure routes in assessing the exposure to the general public.
The aquatic toxicity assessment is the study of the effects of the chemicals and
other anthropogenic and natural materials and activities on aquatic organisms at
various levels of organization and ecosystems. The effects can cause both positive and
negative alteration from previously existing circumstances, but aquatic toxicology
focuses primarily on the deviations that are considered to be adverse in nature and on
recovery processes in biota that may occur when the exposure diminishes. Adverse
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The effects of the ILs on aquatic organisms have been examined for different
trophic levels (Figure 2.12), including primary producers (e.g., algae and plants) [30-
31, 37, 42, 53, 126-128], primary consumers (e.g., invertebrates, snails) [37, 40-41,
129], and secondary consumers (e.g., fish [37, 42, 130], frog [131]). Toxicity of the
ILs varies across organisms and trophic levels. These tests give essential baseline
information about the toxicity of the ILs, and can provide a clear idea for future
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Figure 2.12: A simple aquatic food web with an example of the members whose ILs
toxicity was studied [29].
ILs with -OH functionalized cations (hereafter known as hydroxyl ILs), which
was first reported by Branco et al. [132], endow classical ILs with useful polarity or
solubility and could replace traditional alcohols in certain application. The addition of
less than 1% of-OH functionalized ILs was sufficient to enhance the enzyme activity
by a factor of up to 4 and also to increase the enantioselectivity of the reaction [95].
The introduction of this group to the imidazolium cation increased the solubility and
enhanced the partitioning of inorganic salts, which makes these RTILs appropriate as
recyclable media for organic transformations including transition metal catalysis
[113]. Besides, the -OH functionalized ILs have been used as stabilizers for the
synthesis of nanostructured materials [133], catalysts for biphasic hydrogenation,
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or organic acid is the key issue for the bioproduction process. Particularly, lactic acid
production by fermentation has achieved interest because the optical pure lactic acid
is the raw material of a biodegradable polymer [141]. Water miscible ILs displayed
various effects on the physiology of a bacterial pathogen when assayed as additives in
a culture for reduction of nitrobenzene and it is recommended that both non-inhibitory
and partial inhibitory ILs should be screened for use in biotransformation [142].
These studies [97, 143-144] have indirectly brought the realization that some ILs like
hydroxyl functionalized imidazolium, ammonium and pyridinium ILs can display
anti-microbial characteristics.
Performing cytotoxicity tests to generate toxicity profiles of chemicals on
established cell lines is a good alternative for expensive and morally questionable
animal testing. Mammalian cell cultures for a screening hazard assessment are always
considered as an innovative approach in the environmental sciences, although they
have been used in more mechanistic studies. Generally, cell cultures provide a quick
and convenient means to gather information about the biological activities of
chemical substances. Previous toxicity results show that conducting
(eco)toxicological testing at the early stages of a substance's development can reduce
toxicity potentials by offering advice as to which structural properties should be
avoided without neglecting the technical requirements. Cytotoxicity can be evaluated
as in vitro or in vivo. There are some studies reported on the cell toxicity of ILs,
where they found that cation lipophilicity is the dominating factor for the ILs
cytotoxicity [145-146]. ILs in consequence of polar ether, hydroxyl and nitrile
functional groups within the side chains, generally, exhibit a low cytotoxicity
compared to previously investigated ILs of non functionality. Those functional groups
hamper cellular uptake by membrane diffusion and reduce lipophilicity based
interactions with the cell membrane [147]. So far, the following cell lines were used
for the cytotoxicity of the ILs, such as the human cervical carcinoma epithelial cells
line (HeLa), the human colon carcinoma cell line (CaCo-2), the human breast cancer
cell line (MCF-7), the human colon adenocarcinoma (HT-29), Leukemia rat cell line
(IPC-81), Rat glioma cell line (C6). In the present study, MCF-7 cell line [148-149]
has been used to make the toxicity profile of the synthesized ILs.
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and weight) or organ condition factors, number or teratogenic abnormalities or
incidence of tumors, induction or inhibition or enzyme activity, and number and
abundance of species in an ecological community. Because exposure to toxic agents
may be via the water, sediment, and food in the aquatic environment, the quantities,
concentrations, and bioavailability of toxic agents in these compartments are of
primary concern. Thus, the study of the sources, transport, distribution, inorganic and
organic transformation, and ultimate fate of toxic agents in the aquatic environment is
a vital component of aquatic toxicology [29].
Aquatic toxicology has opened up as a field of study, borrowing freely from
several other basic sciences. It is necessary to understand the chemical (e.g.,
hydrolysis, oxidation, and photolysis), physical (e.g., molecular structure, solubility
volatility, and absorption), and biological (e.g., biotransformation) factors that
influence environmental concentrations of chemicals to determine how potentially
toxic agents act in the environment and how the environment acts on these agents and
to estimate the potential exposure of aquatic organisms. A working knowledge of the
aquatic ecology, one or more biological sub-disciplines such as physiology,
biochemistry, histology, and behavior as well as environmental chemistry is needed to
understand the effects of toxic agents on aquatic organisms [23].
Toxic chemicals are chemicals that can produce injury or death when inhaled,
ingested, or absorbed through the skin. Damage may result from acute or chronic
exposures and involve local tissue or internal organs. The extent of the injury depends
on the dose administered, duration of the exposure, physical state, solubility, and
interaction with other chemicals. Generally, risk analyses of chemicals are carried out
along the cycle of daily intake or exposure concentrations with reference doses or
effect concentrations, respectively. This concept of an absolute risk analysis requires
that a certain minimal set of data about both exposure and effects of a chemical under
scrutiny is available. In general, the toxicity of chemicals can be measured using the
(a) mammalian acute toxicity test (b) bacteria acute toxicity test (c) fish acute toxicity
test and (d) biological dissociation test. Aquatic toxicity normally is an indicator of
the relative toxicity of a chemical or compound in water.
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Since the toxic studies of ILs is still in a very early phase in the development process,
it is not yet clear which of them will ever be produced on an industrial scale. Thus, a
more flexible method (Figure 2.13) of risk analysis is needed that can be applied to
the ILs with light and diverse data availability [49]. Integrating such
(eco)toxicological profiles into the early steps of the research and development
processes of newchemical products is an ultimate goal on the way towards inherently
safer and hence "greener" chemicals.
Chemical product
Technical products, natural compounds^
pharmaceuticals. pesticides., environmental chemicals
Chemical structure







active chemical product (bio)transformation products
V" 1
Research about effects on Experimental validation ofthe
biologicalsystems of the (bio)transformation products withmodel
Chemical product Systems as well as the environment
(Eco)toxicological
profile of the chemical product
Figure 2.13: The iterative scheme for the development of sustainable chemical
product [49].
Although intensive information and data regarding the ILs; physical and
thermodynamic properties have been reported and continuously published, only
limited data with regards to the toxicity and ecotoxicity of ILs' were reported [31, 40-
42]. The effects of the ILs, in the form of EC5o or IC50, can also be studied including
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environmental hazard assessment. The species were of two phyla, five classes and
eight families. The correlations of the acute toxicity between the organisms and the
chemicals showed useful predictive values for closely related species within classes.
However, useful predictive correlations were not observed between or within phyla,
or between terrestrial and aquatic organisms. Kenaga [152] concluded that, among the
species studied, the most useful organisms for an early indication of toxicity in the
aquatic environment seem to be fish and crustaceans.
IL toxicity when taking the organisms from different trophic levels: bacteria
(Vibrio fischeri), algae (Scenedesmus quadricauda), aquatic plants (Lemna minor),
and larval fish (Pimephales promelas) indicated that it varies considerably across
organisms and trophic levels. Matsuo and Lamberti [130] analyzed the possible mode
of action for the toxicity of imidazolium and pyridinium-based ILs on the
physiological responses in a crustacean (Daphnia magna) and fish (Pimephales
promelas and Danio rerio) where they assumed that the exposure of the ILs was
based on the ion uptake changes and by assessing the disruption in the membrane
permeability. Water quality was also addressed during the experiments to understand
whether the effects of the IL toxicity was affected by hardness, dissolved organic
matter content, pH, or temperature.
The studies on the toxicity of ILs across aquatic organisms are summarized in
Table 2.6. These tests give essential baseline information about the toxicity of the ILs,
and can provide a clear idea to design safer ILs for specific applications and modeling
aspects.
2.7.1.1 Fish Toxicity Test
Fish are the important consumers in the aquatic food chain, and they play a key role in
keeping the aquatic ecosystem balanced. Therefore, it is necessary to determine the
toxicity of the ILs on fish when the impact of the ILs on the aquatic ecosystem is
evaluated. The conclusion as to whether any chemical is harmful for the aquatic
system and the food chain, can only be provided after performing the toxicity test on
mammalian, bacteria, and fish and a biological dissociation test must be carried out in
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130™, showed similar LC50s of 5.9 mg L"1 and 5.2 mg L"1, respectively of a total of
15 ILs tested andthey exhibited 96 h fish toxicity to zebra fish lower than 100 mg L"1.
The structural features of these two ILs share the common traits of cationic
surfactants, and were compared with the fish toxicity values for such compounds. The
fish toxicity data by Pretti et al. [42] do not look unusual, as acute toxicity values
below 1 mg L"1 have been collected earlier for cationic surfactants [158]. The
mechanism of the toxicity details induced by ILs is still unknown for fish, whereas the
assumption was proposed by Pretti et al. [42] that the toxic effect could be towards the
branchial epithelium, with a supposed alteration of membrane stability that has been
demonstrated for the two ammonium ILs, having structural features similar to
common cationic surfactants. In their separate study [37], they evaluated static fish
toxicity of 18 ILs with zebra fish [37] and concluded that the toxicity of the ILs might
pose completely different effects on fish according to their chemical structure. They
also demonstrated that the ILs showed a different degree of acute toxicity to aquatic
organisms, and that the cation plays an important role. It is interesting to note that
these values are remarkably lower thanthose reported for organic solvents andtertiary
amines. Moreover, these data (Table 2.7) seemed to show that fish are less sensitive to
the effect of ILs than species belonging to lower trophic levels. According to the
observations by the authors, treated fish exposed to ILs at concentrations of 10 mg L"1
showed a reduction in general activity, loss of equilibrium, erratic swimming and
staying motionless at mid-water for prolonged periods. The possible deposition of the
ILs inside the fish body can be explained through a hystopathological examination
after exposure and it is usual that skin alteration is most prominent [42].
+Stearvl Cocos /CH2CH2(OCH2CH2)nOH;N+-btearyl Cocos^ +/ [MeSOJ-
'Stewy1 XCH2CH2(OCH2CH2)mOH
AMMOENG 130 AMMOENG 100
The embryonic developmental toxicity of the IL [C8mim][Br] on goldfish,
Carassius auratus, was evaluated for acute and sub-chronic as well as in their
developmental stages [135]. They carried out preliminary acute toxicity tests to
determine the 72 h LC5o in goldfish embryos at the stages of its cleavage, early
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to build the toxicity database for Daphnia magna to access and predict the toxic levels
of unknown chemicals prior to their beingused in different applications.
2.7.2 Antimicrobial Test
A number of recent studies have demonstrated the potential of certain ILs to exhibit
excellent antimicrobial activity; thus, presenting the exciting possibility that ILs could
have applications as biocidal agents in the control of microorganisms in the
environment for contamination and infection control. Bacterial studies in ILs have
shown that they can be used as antibacterials as well as for bioprocess engineering.
The effect of ILs, [C2mim][CH3COO], [C2mim][(C2H5)2P02] and
[Cimim][(CH3)2P02] on the growth and glucose fermentation of Clostridium sp. was
studied by Nancharaiah et al. [166] where they found that the ILs had no significant
influence on fermentative metabolism at concentrations below2.5 g L"1.
According to the studies discussed before, a general feature common to the ILs is a
dependency on the substituent alkyl chain length for antimicrobial potency, indicating
a general mechanism for antimicrobial activity which is via membrane disruption.
This seems likely given the structural similarity between the ILs and antimicrobial
agents whose mechanism is more fully elucidated [110, 167]. Many ILs have a similar
structure to cationic surfactants whose primary mode of action is membrane-bound
protein disruption [40, 168]. Another suggested mechanism of toxicity and
antimicrobial activity is the inhibition of the enzyme acetylcholinesterase, as stated by
[169]. Until now, several antimicrobial studies have been performed for ILs with the
strains listed below in Table 2.8.
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HeLa. They measured the toxicity for ethyl-, butyl-, octyl-, benzyl-, and allyl-
substituted l-alkyl-3-methylimidazolium, alkylpyridinium, N-alkyl-N,N-dimethyl-N-
(2-hydroxyethyl)ammonium (choline derivatives) and alkyl-triethylammonium salts
which lead to determining the relative toxicities after 24 and 48 h in the presence and
absence of fetal bovine serum (FBS) using an MTT (3-[4,5-dimethythioazol-2-yl]-
2,5-diphenyltetrazolium bromide) assay (Figure 2.15). The cytotoxicity of the
compounds studied spanned a fairly wide range, the most toxic one being
[(C6Hi3)3Ci4H29P][NTf2] (EC50 80 mM) and the least toxic one being
[H2C=CHCH2N(CH3)2C2H5OH][Cl] (EC50 34 mM). This makes the ILs and IL
precursors more toxic than common water-soluble solvents such as acetone,
acetonitrile, ethanol, DMF and DMSO, but less toxic than or equally toxic to the
surfactant sodium dodecylbenzene sulfonate [178]. The possible sources of the
observed toxicity were investigated using microscopy and by measuring the
intracellular calcium concentration, presence of reactive oxygen species and
mitochondrial membrane potential in cells exposed to l-ethyl-3-methylimidazolium
tetrafluoroborate. The elongated alkyl chain in cholinium or phosphonium ILs showed
the maximum contribution to disrupt the cell walls and thus toxic. Several ILs were
investigated for cytotoxic effects varying their structure and imidazolium ILs were
shown to be more toxic to leukemia and glioma rat cell lines [43] and the human
tumor cell line, HeLa [179] than conventional solvents. On the other hand, the acute





Figure 2.15: Scheme showing the reduction of MTT to Formazan.
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The MTT bioassay is a colorimetric assay for measuring the activity of enzymes
that reduce MTT to formazan dyes, giving a purple color. One main application
allows assessing the viability (cell counting) and the proliferation of cells (cell culture
assays). It can also be used to determine the cytotoxicity of potential medicinal agents
and toxic materials, since those agents would stimulate or inhibit cell viability and
growth. To date, there are some review works on the cytotoxicity of ILs, where they
described the importance of the available data points for IL toxicity against human
cell lines.
2.8 Quantitative Structure Activity Relationship (QSAR) Approach
Conventional toxicity studies aim to investigate the effects of the toxicant being
tested in laboratory animals exposed to various dosage levels and for different
durations. In order to examine the different effects associated with various
lengths of exposure, toxicological studies are generally divided into three
categories, such as, acute (24 hr period), short-term (14- and 28-day period) and
chronic (entire life-span) toxicity [187]. All these processes involved the mortality of
organisms and animals, which is considered as an inhuman activity. Furthermore, the
proposed EU regulatory system REACH (Registration, Evaluation and Authorisation
of Chemicals) aims to reduce the amount of animal testing. QSAR methods are
one of the approaches expected to achieve this goal. The use of QSAR in
ecotoxicology is well established, and predictions can be made with sufficient
accuracy for a number of endpoints and large variety of chemicals. The situation in
mammalian toxicology is rather different. There are a number of reasons for this;
namely, the wide variations in the quality and source of experimental data, and the
organisms used combined with a limited understanding of the biological
mechanisms involved. Thus, although a considerable amount of data is available, the
modelling can be problematic [188-189], Often the problem is related to the different
laboratories and different protocols used. Despite this, there have been numerous
efforts for developing QSAR models for mammalian toxicity. A number of papers
have reviewed these QSAR studies [189-191].
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structurally similar and function according to the same mode of action. However, the
compounds must be dissimilar enough to cause some systematic change on the
biological activity. The formation of classes of similar compounds consists of
dividing the series of compounds of interest into categories on the basis of their
chemical structure. This may be achieved according to their general backbone, their
substituents, reactivity, and knowledge of the biological mechanism. If the subsequent
data analysis reveals that the compounds do not form a homogeneous class, a new
class should be defined.
2) Quantitative description of structural variation and choice of the QSAR model.
To appropriately describe the structural variation, in general, several descriptor
variables are required to contain sufficient relevant information about the biological
phenomenon. For that reason the structural description is multivariate. However, it is
difficult to predict in advance which descriptor variables will be useful. Thus, it is
convenient to have a set of independent design variables, which might have an
influence on the biological effect. However, in the optimization of molecules, where
substitution patterns or the whole molecular structure is changed, usually is not
possible to discern design variables that can be changed independently of each other.
3) Selection of the training sets of compounds (series design).
For any QSAR model, it is of crucial importance that the training set selected to
calibrate the model exhibits a well-balanced distribution and contains representative
compounds. This calibration can be attained by a systematic selection of the training
set, where the major structural features are varied systematically and simultaneously.
4) Synthesis and biological testing
Provided that the biological testing should be minimized, the basic idea is to subject
merely the representative training test to extensive testing, in order to obtain a broad
and stable picture of their biological properties. The response matrix contains
biological variables that span as many aspects of the biological profiles of the
investigated compounds as possible. The more biological tests are performed, the
better the stability of the resulting QSAR model is, and this leads to an improved
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2.8.2 QSAR and ILs
The QSAR method was first developed in the nineteenth century by E. J. Mills [193],
who proposed a QSPR model to predict melting points and boiling points in
homologous series. Many QSAR models have been developed in the past for
prediction of several thermo-physical properties of ILs such as melting point [69, 194-
196], density [197-200], viscosity [201-204], and heat capacity [205-206]. This
method was then applied to predict the toxicity of ILs by several researchers [35-36,
175, 185,207-210].
The proposed EU regulatory system REACH (Registration, Evaluation and
Authorization of Chemicals) regulation states reduce the amount of animal testing by
using alternative methods [211]. QSAR (Quantitative structure-activity relationship)
approaches provide a significant means of achieving this goal. Studies on QSAR have
found wide applications in various research areas in chemistry, as an efficient tool in
the correlation and prediction of diverse physicochemical properties. Quantitative
structure-property relationship (QSPR) modeling is based on the idea that the
chemical structure completely determines the physical properties of a given
compound [8], Given a reasonable set of experimental data for the property of interest
(a "training set"), QSPR relates these properties to the chemical structure of the
compounds. QSPR modeling requires that the "structure" of the compounds be
quantified through various molecular-based descriptors. Numerous descriptors have
been proposed to capture the many different aspects of a structure [212-213]. In past
studies, the QSPR method has been successfully applied to predict the melting point
of ILs [194] as well as the infinite dilution activity coefficients of various organic
compounds in the ILs [214-215].
Experimental studies have clearly revealed the correlation between the increasing
hydrophobicity and increasing toxicity. And again, the hydrophobicity of an IL is
mainly caused by the substituents at the cationic head group. Even though recent
studies indicate that for some cases the anion can play an important role in IL toxicity,
this is more or less the exception. Usually, the structural variation within the pool of
ILs provides an almost unlimited number of compounds. This heterogeneity needs
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log10 EC50 (mmolL-1)^ 6.82837 -4.80633 [SaaCH ]-3.2043 [SaasN]-
6.550854 [DPSA2]~l.38266 [SaasC]
where, [DPSA2], [S^n], [S^ch], and [S^sc] are the descriptors.
log]0 EC50 (mmolL^) = 0.885055 + 1.90609[7WCG]-
3.81771[SWow-v]-1.13277[;^CG*]
(2.14)
where, [RNCG], [Shadow-v], and [RPCG*] are the new descriptors used were more
responsible for toxicity.
Putz et al. [216] applied a spectral SAR to the ecotoxicity of the ILs with Daphnia
magna as a test species. It was the firstly employed spectral ecotoxicological principle
where they introduced cationic-anionic Hansch models by the additive factors and
endpoints for a selected series of seventeen IL toxicities. They developed an
algorithm which can prove that the effect potential for cationic moiety is higher than
the anionic one. Ranke et al. [146] proposed the correlation
[log10EC50 =3.91-1.llog10(k0)] of the lipophilicity parameter (log K0) and
cytotoxicity of a set of 74 ILs with a variety of cations and anions . Luis et al. [35]
and Lacrama et al. [217], in their separate study of modeling on Vibrio fischeri,
indicated that the predictionof the toxicity depends on the existence and popularity of
the chemical groups. Lacrama et al. [217] proposed a Spectral-SAR model (S-SAR)
using a vectorial anionic-cationic interaction. Lipophilicity, polarizability and total
energy were calculatedfrom the optimized cationic and anionic structures and applied
to predict the ecotoxicity end points. Luis et al. [35] introduced the group contribution
method for estimating the toxicity of ILs by means of a QSAR model on Vibrio
fischeri. They divided the IL molecules into nine different fragments: three cations
(C), three anions (A) and three substituents (S) and applied the contributions to
establish the model (2.15) using the Polymath 5.0 software.
r* =2>,-4 +2>y-cy +%sksk (2.i5)
/ j k
where, 7* is the dimentionless toxicity (between 0 to 1) after ^-randomization
procedure.
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The empirical formula and molecular weights of 153 ILs were calculated and used
for their toxic prediction using MATLAB software. Based on the statistical results,
the most reliable model was found to be MLP which require a more complex
calculation process to optimize its parameter, whereas it was predicted the worst
model is the simplest MLR. Cytotoxicity of a diverse set of 227 ILs containing
imidazolium, pyridinium, pyrrolidinium, ammonium, piperidinium, mo rpholinium,
phosphonium and quinolinium cations with 25 different anions to the Leukemia Rat
Cell Line (IPC-81) was estimated using the QSTR methodology and the model
obtained together with the six descriptors that appeared in the model [218]. Using the
genetic algorithm (GA), multiple linear regression (MLR) and multilayer perceptron
neural network (MLP NN) approaches, linear and nonlinear models were developed
for the prediction of ILs and were validated through internal and external approaches
for their robustness and reliability. Separately the validation was also carried out for
those ILs through the Y-randomization procedure which makes them OECD
regulatory acceptable [219]. Katritzky et al. [160] developed QSAR models for the
prediction of aqueous toxicities for Poecilia reticulata (guppy) using the CODES SA
treatment. Experimental LC50 (and log P) values from the literature for 293
compounds were divided into four groups based on the structure and a QSAR model
was obtained for each. A comparison of the previous studies on QSAR was
summarized in Table 2.10.
2.9 Chapter Summary
This chapter summarized the literatures for the present study which includes the
potential of hydroxyl functionalized imidazolium, ammonium, pyridinium ILs to
conduct the toxicity study. Toxicity assays were done by the researchers using ILs
were described as well as the methods employed for them. The datapoints available
were tabulated in the form of datasets for four tropic level organisms and used for
toxicity prediction. Prediction studies were conducted by the several researchers were
discussed and found the necessity of present QSTR study. The comparison shows the





This chapter will mainly present the experimental and theoretical methods used in this
work. It concentrates on the synthesis of several functionalized ILs based on
imidazolium, ammonium, and piperidinium cations with various alkyl side chains and
related research work on their characterization and the physical properties of ILs as
well as on their toxicity studies on fish, bacteria and human cells.
The experimental work is divided into synthesis, characterization, toxicity
evaluation and prediction, are summarized in Figure 3.1. ILs with different
functionalities have been synthesized and purified for further characterization and
property study. Toxicity tests have been performed on guppy fish, bacterial strains
and human cell lines, and the effect concentrations were evaluated as EC50 or IC50
expressed in mg L"1 or mM. Evaluated and literature data were accumulated and used
for the QSAR study basis on their structures. The contributors from the IL structures
were quantified and the trends of toxicity towards the tested organisms were
explained. Figure 3.1 shows the flow diagram of the experimental work in this study.
3.2 Synthesis, Purification and Characterization
The objectives of the present study are to synthesize the ILs for different families and
develop the toxicity profile of them using aquatic species, microorganisms and
established cell lines. On the other hand, the datasets from the experimental and
published literature have been used to predict the values (LC50's, EC50's and IC50's)
from the structural features.
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toxicity. Unreacted chemicals and water have been removed from the ILs and been
confirmed by moisture content, viscosity and density measurements.
3.2.1 Materials and Chemicals
Chemicals used, for this study, were purchased and had been used without drying and
further purification. List of all starting compounds and reagents for the synthesis of
ILs is shown in Table 3.1.




Imidazole > 99 % 68.08 256 Merck (814223)
1-Methylimidazole 99% 82.10 198 Arcos organic
1-Ethylimidazole > 95 % 96.13 106 Sigma-Aldrich
(690147)
1-Butylimidazole > 98 % 124.18 114-116 Merck (348414)
Ethanolamine > 99% 61.08 170.8 Sigma-Aldrich
(110167)
Diethanolamine For syn 105.14 269-270 Merck (116205)
N-Methyl-2,2'-
iminodiethanol
For syn 119.16 243 Merck (805851)
N-Methyldiethanolamine > 99% 119.16 246-248 Sigma-Aldrich
(471828)
2-Chloroethanol For syn 80.51 129 Merck (800945)
3-Chloro-1-propanol For syn 94.54 83 Merck (802638)
4-Chloro-l-butanol For syn 108.56 50-52 Merck (841545)
6-Chlorohexanol 96% 136.62 108-112 Sigma-Aldrich
(C45008)
1-Chlorobutane For syn 92.57 79 Merck (801640)
Acetic acid 99% 60.05 116.118 Sigma-Aldrich
(818755)
Formic acid 98-100% 46.03 101 Merck (100264)
Lactic acid > 85% 90.08 122 Sigma-Aldrich
(252476)
Ethanol Abs. 46.07 78.3 Merck (818760)
Methanol For Ana. 32.04 64.5 Merck (107018)
Acetone For Ana. 58.07 56.2 Merck (107021)







substrate ethylmethanesulfonate/halogenoalkane (2-chloroethanol, 3-chloropropanol,
4-chlorobutanol, 6-chlorohexanol) in a round-bottomed flask at an ambient
temperature. Then the flask is placed in a silicon oil bath at 60 °C equipped with a
reflux condenser, a magnetic stirrer and an inlet and outlet for N2 gas, and is agitated
for one hour. The remaining initial reagents are eliminated on a rotary evaporator at
50 °C for 30 min., and the imidazolium ionic liquid obtained is decolorized using
activated carbon at 80 °C for 2.5 hrs, again using agitation, the reflux condenser,
and the helium atmosphere. Then, it is filtered and dried first onthe rotary evaporator
(50 °C, 30 min.) and then kept overnight under a high vacuum,
90 °C and agitation.
Hydroxyl imidazolium ILs were synthesized according to established methods [86,
132]. Forexample, to synthesize the IL, [C6OHmim][Cl], the following steps were to
mix approximately 0.14 mol of 1-methylimidazole and an excess (0.2 mol) of 6-
chlorohexanol in a round-bottomed flask containing 200 mL of acetonitrile under
nitrogen atmosphere. After fitting a reflux condenser, the flask was maintained at 343
K for 24 hrs with magnetic stirring. The reaction progress was monitored by a thin
layer chromatography using aluminium sheets coated with silica gel and with
methanol as the mobile phase. The product (l-(6-hydroxyhexyl)-3-
methylimidazolium chloride, [C6OHmim][Cl] was obtained (78 %) as a colourless
liquid. This material was kept at -353 K under vacuum (~1 Pa) overnight to remove
volatiles and moisture. An analogous procedure was used to synthesize the other
hydroxyl functionalized imidazolium ILs (Figure 3.2) using an the equimolar amount
of imidazolemoiety and substrate (withexcess).
R - H, -CH3, -CH2CH3, -CH2CH2CH2CH3
n = 2, 3,4, 6
Figure 3.2: Structures of Imidazolium ILs.
The reaction employed and the structures of the ILs obtained are described by the
reaction shown in Figure 3.3.
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ice bath during the addition of the carboxylic acids. The completion of the reaction
was monitored by the Thin Layer Chromatography (TLC) and the temperature of the
reaction mixture was maintained at -60 °C for 2-3 hrs to complete the neutralization.
The reaction progress was monitored by a thin layer chromatography, using
aluminium sheets coated with silica gel with methanol as the mobile phase. The
resultant colourless, strongly hygroscopic, viscous liquids were kept at 80 °C under a






Rl - H, -CH3, 2-hydroxyethyl; R2 = H, -CH3
Figure 3.4: Structures of Ammonium ILs.
R^AI/R1 , reflux with N, atm. R\ +^R*
I R4"C00H ^s ^ R4-COO-
R=-H or, -CH3 R4 ="H' "CH3 or -CHOHCH3
Rl - -H, -CH3 or -CH2CH2OH
R2 = -CH2CH2OH
Figure 3.5: Reaction scheme for the synthesis of the ammonium-containing ILs.
Twelve hydroxylammonium ILs were prepared: 2-hydroxyethylammonium acetate
([C2OHNH3][CH3COO]), formate ([C2OHNH3][HCOO]) and lactate
([C2OHNH3][CH3CHOHCOO]); bis-(2-hydroxyethyl)ammonium acetate
([(C2OH)2NH2] [CH3COO]), formate ([(C2OH)2NH2] [HCOO]) and lactate
([(C2OH)2NH2][CH3CHOHCOO]); 2-hydroxy-N-(2-hydroxyethyl)-N-
methylethanaminium acetate ([(C2OH)2mNH][CH3COO]), formate
([(C2OH)2mNH][HCOO]) and lactate ([(C2OH)2mNH][CH3CHOHCOO]); and Bis-

















Figure 3.7: Synthesis scheme of imidazolium ILs with different anions.
A similar procedure was followed for the synthesis of imidazolium and piperidinium
ILs with other anions. All the ILs synthesized in this work, were kept in the vacuum
oven for a few days and later on stored in a desiccator for further use.
The list of ILs used in this study consisted of the ILs synthesized from IL-1 to
IL-35 and the rest were collected from the other collaborators [222]. The full names,
acronyms and structures are summarized in Table 3.2.
Table 3.2: List of all synthesized ILs used in this study.


































































































































Solvent extraction has beenused to work up the experiment procedure. Solvents were
chosen to dissolve or un-dissolve the synthesized compounds. Temperatures also
played a vital role for the separation technique. Lower temperatures can be the
optimum to separate the less soluble compounds and the reaction mixture was then
separated. Celite (Celite 521, diatomite) is sometimes used for low temperature
separation. ILs are usually viscous and denser than the other starting compounds,
therefore, they can be separated using the separating funnel.
3.2.3.1 Water Content and Drying
The presence of water cancause significant discrepancies in the physical properties of
ILs, especially for viscosities, densities and conductivities [223], which has created
serious concerns when trying to understand theproperties of ILs from some published
literatures [224-225]. Accordingly, the water content of the synthesized ILs was
determined using a coulometric Karl Fischer titrator (Mettler Toledo DL 39) with a
CombiCoulomat Karl Fischer reagent (Merck) using hydranal as the titrating reagent.
Precipitation took place after choosing the method ("H20 standard" of the other two
methods in the instrument) followed by the pre-titration. A maximum weight of 5 g of
the sample was injected into the titration cell through the septum stopper and the
weight value was entered in the titrator for analysis. Measurements were performed in
triplicate immediatelyafter drying under the vacuum. The average values obtained for
the ILs had water contents less than 1000 ppm which is in an acceptable limit [58].
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3.2.4.2 NMR Spectroscopy
lU NMR spectra were obtained on a Bruker 400 MHz (Avance, Billerica, USA) to
understand the environments of the protons and confirm the structure. Chemical Shift,
5, is reported in ppm relative to the tetramethylsilane (TMS) added as an internal
standard and deuterated solvents such as CD3OD, D20 and DMSO-d3 used to run the
spectrum. For NMR, 5 mg of sample was dissolved in 0.7 cm3 of the deuterated
solvent. The observed peaks were abbreviated as s (singlet), d (doublet), t (triplet) and
m (multiplet). The coupling constant was expressed as J to know the influence on
splitting.
3.2.4.3 CBNS Elemental Analysis
Elemental analyses were performed according to standard procedures [226] using the
CHNS Elemental Analyser (Leco 932). Solid samples (<2 mg) were enclosed in a
silver capsule and then analyzed; liquid samples were analyzed in a silver capsule
containing a sorbit pad. Analyses were performed in triplicate and averaged. The
equipment settings were as follows; Oxygen Dose: 20 cm3, oxidation furnace
temperature: 1000 °C, reduction furnace temperature 650 °C, and helium was used as
the carrier gas for the measurement. Sulfamethazine [solid, M.F. C12H14N4O2S, M.W.
278.33, % of the elements were C 51.78%, H 5.07%, N 20.13%, S 11.52%] was used
as the standard to calibrate the instrument.
3.3 Physical Properties of ILs
The physical properties of the ILs have been measured as the density, viscosity,
refractive index and surface tension. These properties are usually used to characterize
a solvent appropriate in industrial applications. The measurements were conducted at
several temperatures and ambient pressure to observe the variance of the property's
value according to the temperature difference. All instruments used for physical
property measurements were calibrated using Millipore-quality water. The sampling
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3.3.2 Viscosity
The viscosities of the ILs were measured using a SVM 3000 Stabinger Viscometer
(Anton Paar, Austria). The apparatus was calibrated using a few standard calibration
fluids according the instruction given by the supplier. The calibrated apparatus was
also verified using organic solvents and commercial ILs, and found to be within the
adjusted uncertainty of the apparatus.
Toluene was used as the solvent to clean and dry the measuring cell. This solvent
was injected several times into the measuring cell using a syringe. Later, dry air was
blown through the measuring cell using a built in air pump for 5-10 minutes. The
settings for the viscosity measurement of all the samples were adjusted to workwith a
"medium equilibrium method". For the pure ILs, the viscosities (±0.01 mPa.s) were
measured in triplicate at temperatures (293.15 to 353.15) K using a rotating automated
Anton Paar viscometer with the temperature control precision of ± 0.01 K. The
measurement temperature is adjusted from a low temperature to a high temperature
with a 5 K step increment from the initial to the final temperature range. The
samplings were employed inside the glove box slowly by non-lubricated disposable
polycarbonate syringes ensuring that there was no bubble in the U-tube cell. The
measurements were done for each sample in triplicate.
3.3.3 Refractive Index
Refractive indices of the pure ILs were determined using an ATAGO programmable
digital refractometer (RX-5000 Alpha) with a measuring accuracy of ± 4xl0"5. The
instrument was checked for calibration with Millipore quality water. The calibrated
apparatus was also verified by measuring the refractive index of organic solvents and
commercial ILs. Water and acetone were used to clean and dry the prism measuring
cell. Most of the ILs are soluble in water, due to this, water was used as a cleansing
agent for the ILs. Meanwhile, the water residue was dried using acetone. A few drops
of the solvents were placed in the prism measuring cell every time after recording the
measurement and wiped using a tissue. The refractive indices of the ILs were
measured at temperature from (293.15 to 323.15) K with a temperature control
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There are several test species that are recommended by the OECD guidelines [24],
which are rainbow trout (Oncorhynchus mykiss), fathead minnow (Pimephales
promelas), bluegill (Lepomis macrochirus), zebrafish (Danio rerio), medaka (Oryzias
latipes), guppy (Poecilia reticulata), and common carp (Cyprinus carpio). A number
of acute toxicity studies have been performed using a variety of fish such as chinook
salmon (Oncorhynchus tshawytscha) [227], guppy fish (Poecilia reticulata) [228-
229], zebrafish (Danio rerio) [42] and goldfish (Carassius auratus) [135-136]. Most
researchers in recent years have carried out acute toxicity tests for at least 48 hrs and
usually 96 hrs. For more detailed information on the acute toxicity tests of different
fish species, readers are directed to the summary table provided by the U.S. fish and
wildlife service reports [230-231], the handbook of acute toxicity of chemicals to fish
and aquatic invertebrates [232], and Baser et al. [228].
3.4.1.1 Standard Methods
Acute fish toxicity studies have been conducted using the protocol OECD guideline
for testing of chemicals [24]. These guidelines are periodically reassessed to ensure
that they reveal the best available science. The OECD guideline 203 [24] for fish
toxicity was originally adopted in 1981 and further updated in 1984 and 1992. Special
concentration has always been given to possible improvement of the test related to
animal welfare to avoid unfruitful testing in laboratory. According to the updated
version, the applicability of a threshold approach should be evaluated prior to the
described fish acute toxicity test. A limit test is necessary to get the information as to
whether the concentration at 100 mg L"1 of the active ingredients or at the threshold
concentration can kill the fish in order to demonstrate that the LC50 is greater than this
concentration.
An acute fish test can be performed according to the limit test at the threshold
concentration (TC). If the TC is >100 mg/L, the test substance concentration should
be 100 mg/L in the limit test. The absence of mortality indicates that the fish is not the
most sensitive test species and that, with at least 99% of confidence, the LC50 is
greater than the TC. If sublethal effects are observed, these should be recorded. The
Light: 12 to 16 hours photoperiod daily
Temperature: appropriate to the species (21-25 °C)
Oxygen concentration: at least 80 per cent of the air saturation value and could
be measured with DO approximately 5-7 ppm.
Feeding: 3-7 times per week until one day before the test was started. The
food had been given according to the ingredients, such as crude protein 35%,
crude fat 5%, crude fibre 5%, crude ash 10% and moisture 10%.
3.4.1.3 Protocolfor Fish Toxicity
Acclimation
After the fish were collected from the hatchery, they were kept in plastic tanks
provided with portable air pumps (Figure 3.8) containing sufficient amounts of water
for sustainability. Upon arrival to the coast, the fish were brought into the laboratory
within 45 minutes. After arrival at the test site, the fish were placed in plastic tanks
(6.5 Liters) (Figure 3.9) for acclimation. The fish were kept under normal laboratory
illumination with a daily photoperiod of 12-16 hours. The temperature of the water
was between 23 ± 2 °C. The dissolved oxygen and pH of the water were 5-7 ppm and
7, respectively. The fish were observed carefully every day for signs of disease, stress,
physical damage, and mortality. Dead and abnormal specimens were removed
immediately upon observation. Prior to the toxicity test, the fish were held in the
laboratory for 12 days. The fish were fed twice daily, once in the morning and once in
the evening.
Test Tank
Plastic tanks (6.5 liters) (Figure 3.9) provided with electric air pumps (Figure 3.10)
were used for the experiment. Each tank was filled with 5 liters of lakewater.
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Source of Water
Freshwater obtained from the UTP Lake (Figure 3.11) located at left side of the
University entrance (Latitude 4.38 °N and Longitude 100.97 °E). The water has been
analyzed and found no toxic chemicals and can be used for the test.
Figure 3.11: Area of collected water for the test.
Screening Test Concentrations
-lThe screening tests for the ILs were conducted with the concentration of: 100 mg L" .
If no mortality was observed, it was repeated with 20 mg L"1. Three replicates were
used in each concentration of the ILs.
Definitive Test Concentrations
Following the mortality observed in the screening test, the ILs were tested for the
following five concentrations 20, 50, 75, 100 and 150 mg L"1. The test substance was
administrated to five concentrations in a geometric series with a factor preferably not
exceeding 2.2.
Number ofReplicates/Groups
Three different groups of tanks labeled as 'A', 'B', and 'C (same size/volume) were
used and each tank was filled with the same volume of lake-water (5 liters).
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where, P is the probability in normal distribution, Yis the probit variable, and x is the
dose concentration.
For spreadsheet computations, a more useful expression for performing the
conversion from probits to percentage is given by Eq. (3.2) [25]:





To read Table 3.4, the percentage is located at the left side of the table and the
corresponding probits are the best of it.
Table 3.4: Transformation of percentages to probits [25].
% 0 1 2 3 4 5 6 7 8 9
0
- 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66
10 3.72 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12
20 4.16 4.10 4.23 4.26 4.20 4.33 4.36 4.39 4.42 4.45
30 4.48 4.50 4.53 4.56 4.59 4.61 4.64 4.67 4.69 4.72
40 4.75 4.77 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97
50 5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 5.23
60 5.25 5.28 5.31 5.33 5.36 5.39 5.41 5.44 5.47 5.50
70 5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81
80 5.84 5.88 5.92 5.95 5.99 6.04 5.74 6.13 6.18 6.23
90 6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33
-
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09
Probit analysis is one of the useful tools to determine the LC50 by calculation or
computer program. The error of the result can also be calculated using this analysis
[25]. The LCso's thus obtained after the analysis, has been compared with acute
toxicity rating scale provided by U.S. Fish and Wildlife Service (USFWS),
summarized in Table 3.5.
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3.4.2.1 Chemicals andEquipmentfor Antibacterial Assay
Muller Hinton Broth (MHB) and Muller Hinton Agar (MHA) were used as media for
the bacterial culture. MHB consists of a meat extraction liquid, casamino acid and
soluble starch (amylogen). The MHB culture medium was used in the MIC
measurement method of Japan Society of Chemotherapy. They were purchased from
Merck KGaA, Darmstadt, Germany. Culturing and assays were done inside the
laminar aseptic air flow. Disposable plastic wares (such as, petri plates, pipettes) were
used and disposed of in the respective bins as this study deals withhuman pathogenic
bacteria. Digital single and multi channel micropipettes were used to transfer the
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with aluminium foil and autoclaved at 121 °C with a 15 psi pressure to effectively kill
any microorganisms that may have been present on the materials. All the glass wares
and medium were taken out from the autoclave and kept outside to become cool at
room temperature. Disposable petri plates (90x15 mm) were used throughout the
experiment. The liquid broth (about 12-15 mL) was poured in each universal bottle
(30 mL). For sub-culturing, these bottles can be used from time to time. The universal
bottles were also sterilized after proper washing. Liquid MHB was used for the
preparation of the bacterial suspension and a mixture with the chemicals in the MIC
treatment.
Muller Hinton Agar (MHA) was used for bacterial strain single colony
preparation and antibacterial screening. It was prepared according to the instructions
in the level from the manufacturer, where 35 grams of MHA powder (Merck KGaA,
Germany) was dissolved in 1 L of distilled water in a screw cap reagent bottle. There
was no need to shake for dissolution; it would dissolve automatically in water. It was
kept inside the microwave oven for 5 minutes only to dissolve completely. The mouth
of the bottle was sealed with a cork or aluminium foil and autoclaved at 121 °C with a
15 psi pressure. Immediately the hot media (after autoclave) was transferred to the
petri plate (around 50 mL) inside the laminar flow of sterile air. After cooling, the
plates were covered and marked for specific organisms. The readied petri plates were
used for disc diffusion assay first and single colony analysis later. They were kept
inside the refrigerator at the temperature of 4 °C.
3.4.2.3 Antibacterial Screening
Antibacterial screening can be carried out two different ways, such as with the disc
diffusion method [239] and the well diffusion method [240-242]. The results from
both the methods were expressed as inhibition zones (in diameter) and should be the
same in mm. Microbial screening has been conducted using two methods and found
the zone of the inhibition to be the same. The well diffusion method was followed for
all the ILs tested.
93
concentrations in deionized water were poured into the wells. The plates were then
incubated at 37 °C for 24 hrs or until visible growth was established. The clear zones
of the inhibition around the wells were measured in diameter (in mm). The screening
results were compared with a standard antibiotic: Gentamicin.
3.4.2.4 Minimum Inhibitory Concentration (MIC)
From the screening result, the concentration range can be assumed to carry out the
MIC test and EC50 calculation using the Broth Tube Dilution method [26]. The tests
were conducted according to the standard procedure developed by the Clinical and
Laboratory Standards Institute (CLSI), formerly it was known as National Committee
for Clinical Laboratory Standards (NCCLS). The bacteria strains were cultured on a
Muller-Hinton broth (MHB) for 24 hrs. A suspension of the microorganisms at a
concentration of105 to 107 cfu mL"1 (cfu =colony forming units) [243] were prepared
from each culture. Then to each well of 96-well plates, the MHB medium was
inoculated with bacterial suspension. The tested ILs dissolved in the MHB were
added to the first two wells of the two horizontal rows in the 96-well plates and serial
two-fold dilutions were made from the second rows and continued up to the seventh
rows. The last wells were kept untreated. Three replicates and seven different
concentrations were studied for each IL. For faintly turbid suspensions (optical
density approximately 0.1 to 0.3 at 530 nm), a 1:1000 dilution was used. Gentamicin
was used as a positive control whereas DMSO was used as a negative control. Growth
(or lack thereof) of the microorganisms was determined visually after incubation for
24 hrs at 37 °C (bacteria). The lowest concentration at which there was no visible
growth (turbidity) was taken as the MIC. The 96 well-plates were then kept in an
ELISA platereader to calculate the EC50 from the absorption length at 530 nm.
A schematic flow chart for the antibacterial test is shown in Figure 3.14.
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defines "within the living" in Latin, and refers to experimentation done in or on the
living tissue of a whole, living organism as opposed to a partial or dead one or a
controlled environment. Animal testing and clinical trials are forms of in vivo
research. Invitro means "withinthe glass", and refers to the technique of performinga
given procedure in a controlled environment outside of a living organism. Test tubes
and petri dishes are examples of objects used with in vitro research. Cytotoxicity of
ILs has been done with several established human cell lines, such as: the human
cervical carcinoma epithelial cell line (HeLa), human colon carcinoma cell line
(CaCo-2), human breast cancercell line (MCF-7), human colon adenocarcinoma (HT-
29), leukemia rat cell line (IPC-81), and rat glioma cell line (C6). In this study, the
MCF-7 cell line has been chosen for the cytotoxic assay, due to the availability, easy
culturing procedure and frequent uses of this cell. The MCF-7 cells, originally
purchased from the American type culture collection (ATCC), were cultured in the
RPMI 1640 (Roswell Park Memorial Institute) medium. They were cultured and the
tests were conducted at the Department of Cell and Molecular Biology, University
Putra Malaysia (UPM).
3.4.3.1 Consumables and Equipments
Necessary consumables and equipment for the cytotoxicity test are listed below:
• Medium powder (RPMI 1640): without NaHC03) but supplemented with 1%
penicillin-streptomycin and 1% L-glutamine, pH 7) with 10% horse serum at
37 °C (5% C02) (Gibco RPMI 1640 medium, Bio-diagnostic Sdn Bhd,
Malaysia).
• MTT (3-[4,5-dimethythioazol-2-yl]-2,5-diphenyltetrazolium bromide, Sigma-
Aldrich, Germany).
• PBS (Phosphate buffer saline) (Sigma Aldrich).
• Chemicals: Nitrocellulose membrane (0.22 urn pore size), 1M HC1 and 1M
NaOH, sodium bicarbonate (stabilized pH), antibiotics, 1 L ultrapure water,
0.4% trypan blue dye, 70% alcohol.
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heamocytometer. The cell suspension was resuspended thoroughly and pipetted out
20 fiL onto a clean surface followed by 20 \xL of trypan blue dye addition taking into
consideration that no bubbles were introduced into the mixture. The cell suspension
was then immediately transferred to the edge of the haemocytometer chamber and the
slide was then viewed under the inverted microscope. The cells were counted within
four corners of the grid of 16 square boxes. Counting with a fresh sample was
repeated and averaged. Cells can be counted using Eq. (3.3):
,*C =,4vx2 xlO'cellsmL"1 (3.3)
where,
C = Cell concentration (cells mL"1),
Av —Average number of cells in four corners counted, and
2* —Dilution factor.
Percentage viability can be calculated using Eq. (3.4):
NPercentage viability (%) = —^x 100 (3.4)
NT
where,
Nv = Number of viable cells, and
NT = Number of total cell population
3.4.3.4 MTTAssay
Tetrazolium salts have been widely used to express the reductive capacity of tissues
and a quantitative microtiter assay for cell proliferation and cytotoxicity based on the
reduction of the tetrazolium salt, MTT (3-[4,5-dimethythioazol-2-yl]-2,5-
diphenyltetrazolium bromide), has been developed by Mosmann [244]. The
tetrazolium salt (MTT) method involving conversion of MTT to blue coloured
formazan products by cells serving as the indirect measurement of cell growth/cell
kill. A modified method [245] gave better results which have direct influence on the
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estimate these values with the absence of using traditional experimental apparatus.
This can be carried out theoretically by developing empirical correlations/equations.
QSAR can help to estimate these properties based on the structure and connectivity of
atoms in the molecule. Based on the experimental results from the toxicity tests,
theoretical models have been developed for the classes of ILs and have predicted the
toxicity for unknown ILs using the QSAR approach [189, 191, 208]. Test data can be
considered as training data sets from which the predicted data will be calculated. It
can be varied for different known species.
3.5.1 Methods for QSAR
3.5.1.1 Multiple Linear Method
The multiple linear regression (MLR) is usually used to develop the linear
relationship between a dependent variable and one or more independent variables. It
is an extension of the simple linear regression. The dependent variable is called the
predicted value, and the independent variables are the predictors. The MLR is based
on the least squares where the model has been fit in such a way that the sum-of-
squares of differences of observed and predicted values is minimized.
The relationship between a response variable Yand a predictor variable X is defined
as linear model by Eq. (3.5):
Y^a^+a^X +s (3.5)
where, a^andc^ are regression coefficients and s is the error. The Eq. (3.5) is
derivedfrom the least squares regression, which is given by Eq. (3.6):
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Y= f{Xl,X2,...,Xp) +E (3.7)
where 8 is defined as a normal random error expressing the discrepancy in the
approximation. The linear form of Eq. (3.7) can be expressed as:
r-a0+aIX1+a2Jr2 +...+apXp+e (3.8)
Where a0, alt ...ap are defined as regression coefficients, i.e., constants to be
estimated from the data. The models that will be developed in this work are based on
a combination between the Multiple Linear Regression (MLR) method and
Polynomial method. Eq. (3.8) will be modified by integration with the Polynomial
model Eq. (3.9) and the interaction between the two models {coXx) can be described
by Eq. (3.10):
Y = y0 + yxco' + y2oj2 + + ymcom + s (3.9)
n m k
Y=a0 +2>,AT, +£>,©' + 2>,a>X,. (3.10)
i-l i=l i~n+I
where, a, = ft for i<n ; yir= /3l+n for i< m ; df - fil+n+m for i< k ; n+ m+ k = p
aQ,a^, an are the parameters for the MLR model,
Yx rmare the parameters for the polynomial model, and
Sx Sk are the parameters for the interaction between the descriptors.
3.5.2.1 Dataset Preparation
Toxicity data for aquatic invertebrate (Daphnia magna), bacteria (Vibrio fischeri) and
established cell line (MCF-7 and IPC-81) for individual components have been
collected from published literature. In addition, our data from experimental work were
added to the human cell (MCF-7) dataset. The first step in preparing the dataset is to
design the 'molecular structure table' (Table 7.3, Table 7.6, Table 7.9 and Table 7.11)
based on the molecular fragments (groups) (description of molecular structure of pure
compounds). The molecular structure table will be used as a dataset for the MATLAB
code to process the data comprised in this dataset and predict the best fit model (the
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N is the number of the substances,
0cal is the calculated values of EC50/IC50 for the four species tested and





This chapter includes the details of the methods for synthesis and characterization of
ILs. Standard methods for fish toxicity test, antibacterial test, cytotoxicity test have




SYNTHESIS AND CHARACTERIZATION OF IONIC LIQUIDS
4.1 Introduction
This chapter describes the total experimental and theoretical work of this study. It
concentrates on the synthesis, characterization and physical properties of several
functionalized ILs of imidazolium, ammonium, and piperidiniumcations with varying
alkyl side chains. The main discussion of this project was the toxicity studies on
aquatic fish (Poecilia reticulata), human pathogenic bacteria (eight different bacterial
isolates) and established human cell lines. Experimental results have been
incorporated with other published data and have been used to develop different
models using MATLAB software to predict the toxicity of different organisms.
QSARs have been established for ecotoxicity (Daphnia magna), bacterial toxicity
(Vibrio fischeri), and cytotoxicity (MCF-7 and IPC-81) using the group contribution
method, which can predict the toxicity accurately and effectively. Individual toxicity
datasets have been developed using published data from various literature and the
experimental results from this work. The details of the results and discussions are
provided in the following.
4.2 Synthesis and Purification of ILs
The ILs were synthesized and confirmed by IR and NMR spectroscopy and CHNS
analysis. The following sectiondescribes the spectral analyses of the synthesized ILs.
The purity measurement was accomplished using a Karl-Fischer titrator and it was
found that the values were less than 1000 ppm for all synthesized ILs. Before
conducting any test with these ILs, they were kept inside the vacuum oven for at least
one day. After metathesis, the chloride content was checked with the AgN03 test and
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Figure 4.1: IR spectrum of 2-hydroxylethylammonium formate.
The functionality of the hydroxyl imidazolium ILs, such as hydroxyl (OH), the alkyl
(-CH3 an -CH2-), secondary and tertiary amino groups (=N and =NH), aromatic (CH)
structures were confirmed by IR spectroscopies and are shown in Figure 4.2, Figure
4.3, Figure 4.4 and Figure 4.5. The broad absorption range between 3130 and 3350
cm" can be attributed to the presence of the hydroxyl group in the structures. Spectral
analysis of this broad absorption range is quite difficult due to the presence of signals
rising from stretching modes of water together with the hydroxyl groups in the ILs.
More likely with the observations of Chowdhury and Thynell [247], the -C=C-, -
C=N- and C-N stretching frequencies within the imidazolium ring were observed
around 1560, 1450 and 1160 cm"1, respectively. The C-H and C-N(l)-C bending-in-
plane (bip) modes appear around 1070 cm"1, with the C-H bending-out-of-plane (bop)
modes occuring at 860 and 750 cm"1. The intense peaks at 2950 and 2850 cm"1 can be
assigned to -C-H in-plane stretching of the alkyl groups [248]. The low-intensity band
at 3070 cm"1 can be attributed to =C-H stretching frequency [249]. The other hydroxyl
imidazolium chloride ILs were shown to be in the same absorption range
corresponding to the necessary functional groups, and proved the structures.
The IR spectrum pattern of the anion derivatives is similar to the chloride salt.
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Figure 4.5: IR Spectrum of hydroxyl imidazolium ILs, ([C6OHRim][Cl]).
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The proton at C-4 and C-5 carbon should appear as a doublet whereas sometimes
they are exhibited as a singlet at 7.62 and 7.68, respectively. The N-CH-N proton at
9.02 showed the high shielding due to more electronegative nitrogen atoms in both
sides. The other XH-NMR spectra are given in Appendix A. The details of the
observed peaks of all the synthesized ILs are summarized in Table 4.1. The spectra
showthe necessarypeaks to confirmthe IL structures after synthesis.
4.3.3 Elemental Analysis
Chemical composition plays an important role for the synthesis and characterization
of ILs. It shows the purity of the synthesized ILs. Elemental analyses of the ILs were
conducted using a LECO-932 analyzer. The instrument was calibrated using a
standard calibration sample (sulfamethazine) provided by the vendor prior to each
measurement. The results for the elemental analyses of the synthesized ILs are
summarized below with other characterization data (Table 4.1). The experimental
values are found to be in good agreement with the calculated values. The standard
deviation is found to be ±0.02 (wt%).
4.3.4 Characterisation Data
The measurements of all the synthesized ILs for structural characterization has been
given in Table 4.1. The table consists the acronym of the ILs as shown in Table 3.2
which was followed by molecular formula (M.F.), molecular weight (M.W. in
g/mole), IR characteristic peaks (in cm"1), :H-NMR spectral data in ppm and
elemental analysis data compared with the calculated data. The peaks in IR and NMR





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































THERMOPHYSICAL PROPERTIES OF IONIC LIQUIDS
5.1 Introduction
This chapter describes the thermophysical properties of synthesized imidazolium
based ILs which includes the effect of temperature and alkyl chain effect. Densities,
viscosities, refractive indices and surface tensions were measured using standard
techniques after calibration with the suggested solvent and known ILs. The data
produced have been compared with the published results of the same family ILs.
Thermal expansion coefficients were calculated for l-(6-hydroxylhexyl)-3-
alkylimidazolium chlorides ILs from their density values.
5.2 Properties Estimation of ILs
The thermophysical properties, such as, density, viscosity, refractive index and
surface tension, are measured to understand the salvation behavior, mobility, and
interactions of the solvents and to calculate the other physicals parameters using
established equations. The experimental densities, viscosities, refractive indices and
surface tensions for hydroxyl imidazolium ILs at (depending on the property) 293.15
< T/K < 353.15 and the atmospheric pressure were determined for the thirteen ILs.
The values for four l-(6-hydroxyhexyi)~3-alkylimidazolium chlorides were listed in
Table Al. The densities of all the ILs are plotted as a function of temperature in
Figure 5.1. Over the present temperature range, the densities of all four ILs decreased
linearly with the increasing temperature. This relation has been found for other series
of ILs containing alkyl-substituted imidazolium ions, the density of these ILs
decreases with increasing alkyl chain length of the cation [92, 251]. The refractive
indices of the ILs (Figure 5.4) were also linear with respect to temperature, while the
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Figure 5.1: Densities (p) of the ILs as a function of temperature;
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Figure 5.2: Dynamic viscosities (rf) of l-(6-hydroxyhexyl)-3-alkylimidazolium







































Figure 5.5: Surface tensions (a) of ILs as a function of temperature.
The isobaric coefficient of the thermal expansion (ap) for the ILs can also be
calculated from the experimental densities using the temperature derivative of Eq. 4.6:
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CHAPTER 6
TOXICITY EVALUATION OF IONIC LIQUIDS
6.1 Introduction
Aquatic toxicity is measured with freshwater fish, guppy (Poecilia reticulata) and are
expressed as LC50 (in mM). An antimicrobial test has been conducted with eight
different bacterial isolates and the MIC and EC50 were calculated. The inhibitory
concentration (IC50) using the human breast cancer cell line has been evaluated in
vitro and the data were merged with the published IC50 of the same species.
6.2 Fish Acute Toxicity of the ILs
In this study, the acute fish toxicity study was conducted using surface water fish
guppy, Poecilia reticulata Peters, 1859 (Figure 6.1), which is the most common fish
living in Malaysia and they are generally used in toxicity testing. They are native to
Barbados, Brazil, Guyana, Netherlands Antilles, Trinidad and Tobago, Caribbean
islands, Venezuela and Malaysia.
Figure 6.1: Guppy fish
The intention of the fish toxicity study was to predict LC50 for new and existing
ILs and provide the eco-toxicological data profiles and impacts on structural
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Table 4.5: Continued...










20 1.301 1 10 3.72
50 1.699 3 30 4.10
75 1.875 4 40 4.76
100 2.000 6 60 5.25
5 [C4Ofimim][Cl]
25 1.398 1 10 3.72
50 1.699 2 20 4.10
100 2.000 4 40 4.76
150 2.176 7 70 5.52
6 [C4OHbim][Cl]
20 1.301 1 10 3.72
50 1.699 3 30 4.48
75 1.875 4 40 4.76
100 2.000 6 60 5.25
7 [C6OHmim][Cl]
25 1.301 1 10 3.72
50 1.699 3 30 4.48
100 1.875 4 40 4.75
150 2.000 5 50 5.00
8 [C6OHbim][Cl]
20 1.301 1 10 3.72
50 1.699 4 40 4.75
100 1.875 6 60 5.25
150 2.000 8 80 5.84
9 [C2OHeim][Cl]
20 1.398 1 10 3.72
50 1.699 2 20 4.16
75 2.000 4 40 4.75
100 2.176 6 60 5.25
10 [(C2OH)2mNH] [HCOO]
25 1.301 3 30 4.48
50 1.699 7 70 5.52
100 1.875 10 100 8.09




20 1.301 2 20 4.16
25 1.699 6 60 5.25
50 1.875 9 90 6.28




25 1.301 1 10 3.72
50 1.699 4 40 4.75
100 1.875 6 60 5.25
150 2.000 7 70 5.52
13 [C2mim][CI]
20 1.398 1 10 3.72
50 1.699 2 20 4.16
75 2.000 4 40 4.75
100 2.176 6 60 5.25
14 [C4mim][Cl]
25 1.398 1 10 3.72
50 1.699 2 20 4.16
100 2.000 5 50 5.00
150 2.176 7 70 5.52
15 [C6mim][Cl]
20 1.301 1 10 3.72
50 1.699 3 30 4.48
75 1.875 5 50 5.00
100 2.000 6 60 5.25
16 [C8mim][Cl]
20 1.301 1 10 3.72
50 1.699 4 40 4.75
75 1.875 6 60 5.25












♦ [C60Him][Cl] •[C60Hmim][Cl] A[C60Hbim][Cl]
Concentration (mgL-1)
Figure 6.2: Dose-response curveof the ILs with Poecilia reticulata.
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Figure 6.4: Relationship between dosage and probit of kill for [C6OHmim]Cl.
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imidazolium ILs were found as follows: a) Yjm ([C„mim][Cl])=-ll.128^+144.27 and
b) Ioh-im ([C/IOHmim][Ci])=-20.583x+220.11, respectively, where, x is the number of
the carbon chain length. The equations can be used to estimate the LCso's (Y values)
of the other ILs. The Table 6.3 shows the comparison of experimental and estimated
LCso's using the regressions. However, more datasets have to be built to estimate the
toxicities accurately.
-rTable 6.3: Estimated and experimental toxicity (LC50 in mgL" ) on Guppy fish
Ionic Liquids C« LC50 in mg L"1
(estimated)


















6.3 Antibacterial Test of the ILs
The anti-microbial activities of the synthesized ammonium ILs were established by
evaluating the inhibition zones on the agar plates. This zone (Figure 6.6) is defined as
the area on the agar plate where growth of a microbe is prevented by the test
compound. The results obtained from eight ammonium ILs are summarized in Table
6.4. A minimum inhibition by the IL on the bacterial growth could proceed for the
detailed study where the MIC and EC50 were evaluated. Three different
concentrations (1%, 10% and 20%) were used to identify the closest range for EC50
calculation. An IL concentration of 1% v/v did not appear to show anti-microbial
activity, which may be contrasted with the findings of Ganske and Bornscheuer [174]
who found that l-butyl-3-methylimidazolium hexafluorophosphate was toxic at 1 %
v/v on Escherichia coli, Pichia pastoris and Bacillus cereus.
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Table 6.4: Inhibition zones (in mm) for the synthesized ILs







Gentamicin 20 10 21 20 10 20
[C2OHNH3][CH3COO]
1
10 - 7 - - _
20 - 11 - - -
[C2OHNH3][HCOO]
1
10 9 12 11 9 -
20 10 14 14 10 -
[C2OHNH3][CH3CHOHCOO]
1
10 - 7 - - -
20 - 9 - - -
[(C2OH)2NH2][CH3COO]
1
10 - 12 10 - _
20 - 14 14 - -
[(C2OH)2NH2][HCOO]
1
10 - 7 - - -




20 - 7 - - -
[(C2OH)2mNH] [CH3COO]
1
10 - 13 13 8 16
20 - 17 16 9 18
[(C2OH)2mNH] [HCOO]
1
10 7 9 - - -
20 9 10 - - -
Overall, the level of toxicity of the studied ILs was: ILs [C2OHNH3][HCOO] and
[(C2OH)2mNH][CH3COO] (highest) > ILs [(C2OH)2NH2][CH3COO] and
[(C2OH)2mNH][HCOO] > ILs [C2OHNH3][CH3COO], [C2OHNH3][CH3CHOHCOO]
and [(C2OH)2NH2][HCOO] > IL [(C2OH)2NH2][CH3CHOHCOO]. It has been
established that an increase in the chain length of alkyl substituents correlates with the
increased IL toxicity or growth inhibition for both imidazolium- and ammonium-
based ILs [44, 97, 144, 170] but no such correlation is apparent in screening test.
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MIC values are shown in Table 6.5; whereas the calculated EC5o values are arranged
in Table 6.6.
Table 6.5: MIC values of the tested imidazolium ILs
Bacterial strain l-(2-hydroxyethyl)-3-alkylimidazolium Chloride ILs
[C2OHim][Cl] [C2OHmim][Cl] [C2OHbim][Cl] Gentamicin
Escherichia coli 125 125 62.5 Clear
Aeromonous
hydrophilla
62.5 125 125 Clear
Listeria
monocytogenes
125 125 125 Clear
Salmonella
enteritica
125 125 125 Clear
Staphylococcus
aureus
125 125 125 Clear
Table 6.6: EC50 (in mM) calculated using the ELISA Plate Reader
Bacterial strain l-(2-hydroxyethyl)-3-alkylimidazolium Chloride ILs
[C2OHim][Cl] [C2OHmim][Cl] [C2OHbim][Cl] Gentamicin
Escherichia coli 58.44±4.07 43.40±2.54 23.67±2.22 2.00
Aeromonous
hydrophilla
65.37±1.82 35.54±1.14 31.21=1=2.51 1.97
Listeria
monocytogenes
72.92±1.84 53.79±1.95 52.47±1.24 1.86
Salmonella
enteritica
56.16±3.56 50.84±1.72 45.15±4.27 1.92
Staphylococcus
aureus






Figure 6.7: Viabilities of (a) Escherichia coli, (b) Aeromonas hydrophila, (c) Listeria
monocytogenes and (d) Salmonella enterica as a function of IL concentrations.
(• [C2OHim][Cl]; A [C2OHmim][Cl]; ♦ [C2OHbim][Cl])
6.4 Cytotoxicity Test of the ILs
The human breast cancer cell line, MCF-7, is well-characterized and has been widely
used in toxicity and safety studies as an alternative for in vitro experiments [148-149].
Imidazolium ILs have been tested using MCF-7 and the results show the IC50 values
were 2.8+0.6, 4.1+0.1, 6.2±0.2 and 6.9+0.5 mM for [C6OHbim][Cl], [C6OHeim][Cl],
[C6OHmim][Cl] and [C6OHim][Cl] respectively (Figure 6.8). The alkyl chain length
on the imidazolium cation also affected the toxicity, which increased with an
increased chain length. Figure 6.9 shows the cell response when treated with
[C60Hbim][Cl] at IC50 value compared with untreated cells.
In addition, the IC50 values (with SDs) of the cholinium ILs were estimated and the
values were found to be: 10.5 + 0.6, 11.2 + 0.1, 12.1 ± 0.2, 14.6 ± 0.5 and 16.0 ± 0.5
mM for [C2OHmmmN][CH3COO], [C2OHmmmN][C2HsCOO],
[C2OHmmmN][C3H7COO], [C2OHmmmN][C5HiiCOO] and
[C2OHmmmN][(CH3)3CCOO] respectively (Figure 6.10), indicating that IC50
increased with the increasing alkyl side-chain length in the carboxylate group with the
same choline cation.
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decreasing trends with the concentration increases. Figure 6.12 shows the cell
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Figure 6.11: Representative viability-concentrationcurve of the IL cytotoxicity.
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Table 6.7: IC50 values (after 48 hrs) in mM of the ILs with MCF-7.







































QSAR FOR TOXICITY PREDICTION
7.1 Chapter overview
This chapter describes the toxicity datasets (in terms of EC5o) used for developing
QSAR models to predict the EC50 values for the new chemicals. The datasets include
freshwater invertebrate Daphnia magna, bioluminescent bacteria Vibrio fischeri,
Human breast cancer cell line MCF-7 and Leukemia Rat cell line IPC-81. The
accuracy and precision of the models has been described and found the R2 > 0.97 with
standard error estimate < 0.028. The models can predict the toxicity as an alternative
for experiment.
7.2 Toxicity Prediction of the ILs using QSAR Approach
Prediction of toxicity through QSAR can be done with the dataset of toxicity on
different species. The toxicity datasets have been built using the published
experimental data from different literatures. Four different datasets of EC50 values are
summarized in Table 7.2, Table 7.6, Table 7.8 and Table 7.10, which were used to
develop the codes for the aquatic organism (Daphnia magna), bacteria (Vibrio
fischeri), human cell line (MCF-7) and Leukemia rat cell line (IPC-81), respectively.
The cations and anions of the IL structures used for these four databases are drawn in
Figure 4.26 for the reader's better understanding. The present models proposed in this
work, based on the hybrid MLR and Polynomial, can predict the toxicity above the
accuracy of 96% such as, R2 = 91A %for Daphnia, R2 = 96.8 % for Vibrio, 99.5% for
MCF-7 and 98.7% for IPC-81. The descriptors, such as substituents, cations and
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Figure 7.1: Chemical structures of ILs together with substitution groups used in the
group contribution method.
7.2.1 QSAR for the Aquatic Species (Daphnia magna)
The database of the 64 IL toxicities towards Daphnia magna is shown in Table 7.2.
EC50 data have been collected from the literature [8, 37, 41, 50, 53, 91, 129, 256] for
as many ILs as practicable, including alkyl-substituted imidazolium, pyridinium,
ammonium, phosphonium and pyrrolidinium-based salts, together with a limited
(restricted by the available data) range of anions. The listed anions were
hexafluorophosphate [PFe-], N-cyanocyanamide [N(CN)2"], bromide [Br"], chloride
[Cf], tetrafluoroborate [BF4"] and bis(trifluoromethylsulfonyl)imide [Tf2N~]. The
cations included imidazolium, pyridinium, ammonium, phosphonium, pyrrolidinium,
morpholinium, and thiophenium (denoted as Imida, Pyrid, Ammo, Phos, Pyrrol, Morp
and thio, respectively). Substituent groups included -CH3 (methyl group attached with
carbon), >CH2 (methylene group attached with carbon), -NCH3 (methyl group
attached with nitrogen), -NCH2 (methylene group attached with nitrogen), -OCH3
(methyl group attached with oxygen), -OCH2 (methylene group attached with
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Table 7.2: Database of ILs toxicity on Daphnia magna.




1 BMIMC1 1-Butyl-3 -methylimidazolium chloride 1.85 [91]
2 BMIMC1 1-Butyl-3 -methylimidazolium chloride 1.93 [50]
3 BMIMC1 1-Butyl-3-methylimidazolium chloride 1.93 [41]
4 BMIMBr 1-Butyl-3 -methylimidazolium bromide 1.84 [129]
5 BMIMBr 1-Butyl-3 -methylimidazolium bromide 1.78 [91]
6 [BMIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate 1.79 [91]
7 [BMIM][BF4] l-Butyl-3-methylimidazolium tetrafluoroborate 1.67 [50]
8 [BMIM][BF4j 1-Butyl-3 -methylimidazolium tetrafluoroborate 1.67 [41]
9 [BMIM][PF6] l-Butyl-3-methylimidazolium hexafluorophosphate 1.95 [91]
10 [BMIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate 1.85 [50]
11 [BMIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate 1.85 [41]
12 [BMIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate 1.93 [53]
13 [BMIM][Tf2N] 1-Butyl-3 -methylimidazolium
bis(trifluoromethylsulfonyl)amide
1.65 [37]
14 HMIMC1 1-Hexyl-3 -methylimidazolium chloride 1.09 [91]
15 HMIMBr 1-Hexyl-3-methylimidazolium bromide 1.06 [129]
16 HMIMBr l-Hexyl-3-methylimidazolium bromide 0.78 [8]
17 [HMIM][BF4] 1-Hexyl-3 -methylimidazolium tetrafluoroborate 1.13 [91]
18 OMIMC1 1-Octy1-3 -methylimidazolium chloride 0.54 [91]
19 OMIMBr l-Octyl-3-methylimidazolium bromide 0.54 [129]
20 [OMIM][BF4] 1-Octyl-3 -methylimidazolium tetrafluoroborate 0.66 [91]
21 Ci0MIMBr l-Decyl-3-methylimidazolium bromide
-0.31 [129]
22 Cl2MIMCl l-Dodecyl-3-methylimidazolium chloride
-1.82 [53]
23 C12MIMBr l-Dodecyl-3-methyIimidazolium bromide -0.82 [129]
24 C16MIMC1 1-Hexadecyl-3 -methylimidazolium chloride -2.00 [53]
25 CI8MIMC1 1-Octadecy1-3-methylimidazolium chloride
-2.34 [53]
























34 [MIM]C1 1-Methylimidazolium chloride 2.93 [37]




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































- 1 ceo -0.4433 -10.28 9.40 ~
1 X, ai -2.5455 -2.91 -2.18 28.44
2 X2 a2 -2.0161 -2.25 -1.78 22.53
3 x3 0.3 -0.4641 -0.68 -0.25 5.19
4 x8 as 0.4543 -9.59 10.50 -5.08
5 Xio aio -2.9108 -4.81 -1.01 32.52
6 x„ an -2.8186 -4.65 -0.98 31.49
7 X12 a,2 -4.3256 -8.27 -0.38 48.33
8 Xis «15 -1.1569 -2.81 0.50 12.93
9 X„ a17 0.2984 -10.61 11.20 -3.33
10 Xis ais 0.8653 -9.40 11.13 -9.67
11 X19 a,9 -0.6587 -11.51 10.19 7.36
12 X2i 021 0.5750 -10.87 12.02 -6.42
13 X23 «23 0.3911 -8.69 9.47 -4.37
14 X25 <*25 1.1496 -6.49 8.79 -12.85
15 a Yl 0.7391 -1.61 3.08 -8.26
16 to2 72 -0.1592 -0.17 -0.14 1.78
17 toX, 5, 0.1332 0.13 0.13 -1.49
18 o)X2 82 0.0867 0.09 0.09 -0.97
19 o)X3 53 0.0096 0.01 0.01 -0.11
20 coX6 56 -0.1405 -0.15 -0.13 1.57
21 C0X7 57 -0.0727 -0.07 -0.07 0.81
22 coX8 58 -0.0062 -0.08 0.07 0.07
23 coXg 59 0.2607 0.21 0.31 -2.91
24 coXm 610 0.2562 0.19 0.32 -2.86
25 raXu 5,i 0.2433 0.18 0.31 -2.72
26 coX12 Su 0.3977 0.35 0.45 -4.44
27 C0X13 813 0.1046 0.07 0.14 -1.17
28 a)X15 Sis 0.1882 0.13 0.25 -2.10
29 C0X17 8,7 0.2738 0.20 0.35 -3.06
30 coX18 818 0.2413 0.17 0.31 -2.70
31 coX19 8,9 0.3335 0.26 0.41 -3.73
32 coX2o 820 0.2997 0.25 0.35 -3.35
33 toX2i S21 0.2055 0.13 0.28 -2.30
34 coX22 822 0.2795 0.22 0.34 -3.12
35 coX23 S23 0.2384 0.18 0.30 -2.66
36 coX24 824 0.3007 0.28 0.32 -3.36
Quantified descriptors represent the structural frag
Sum(X,:X4), X24 = Sum(X5:X8), X25 = Sum(X9:X22),
ments; Xj = -CH3
and co = Sum(X,:X25) (Fij
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Figure 7.4: Results error histogram for Daphnia magna.
These results indicated that the ammonium, imidazolium, pyridinium,
morpholinium cations contributed approximately 48, 32, 31, and 12% (Table 7.5) of
the total toxicity, respectively. The contribution of the anions to the overall toxicity
was negative with the exception of BF4" (7% of total toxicity), suggesting that the
inclusion of Br", Cl", TF2N" and PF6" in the chemical structures of the ILs reduced their
toxicity to Daphnia magna. This trend was consistent with the published toxicity data
for Vibrio fischeri [35]. A recent report by Wang et al. [257] indicated that some of
the anionic components of the ILs (TF2N", PF6\ BF4") did exhibit toxicity (in their
"case;" towards graTrT po^iJErve" bacteria CldsfridiuffTsp.). TherefofeTTt" is reasonable to
infer that the toxicity of anions depends on the susceptibility of the organisms
concerned. The order of toxicity of the ILs towards Daphnia magna based on the
present findings is summarized in Figure 7.5. The higher toxicity of quaternary
ammonium compared to imidazolium and pyridinium was in good agreement with the
findings reported by Wells and Coombe [53] and Pretti et al. [37].
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Groups variables Contributions Coefficients Product
CH3 XI i a, -2.5455 -2.5455
>CH2 X2
. «2 -2.0161 -4.0322
NCH3 X3 a, -0.4641 -0.4641
NCHZ X4 a4 0 0
OCH3 X5 > a5 0 0
OCH2 X6 - a6 0 0
SCH2 X7 a7 0 0
PCH2 X8 : a8 0 0
Bz X9 i- a9 0.4543 0




1 inputAmmo X12 ^ a 12 0 0 —•Date
Pyrrol X13 a 13 0 0
thio X14 • a ,4 -4.3256 0
Morp X15 a 15 0 0
Phos X16 a i6 -1.1569 0
Br- X17 a 17 0.2984 0.2984
Cl' X18 : a is 0.8653 0
BFY X19 ' a 19 0 0
PF5" X20 ' 0.20 -0.6587 0
TF2N" X21 02] 0 0
N(CN)2 X22 a 22 0.5750 0
xl+...+x4 X23 5 a 23 0.3911 1.9555
x5+...+x8 X24 0 a 24 0 0 Tflfo
x9+...+x22 X25 2 a 25 1.1496 2.2992 -5.3073
xl+....+x25 (0 14 Yi 0.7391 10.3474
toA2 196 72 -0.1592 -31.203
©A3 2744 Y3 0 0 Ytw?
coA4 38416 T4 0 0 -20.8558
toXl 14 5, 0.1332 1.8648
o)X2 28 5, 0.0867 2.4276
(oX3 14 5, 0 0
0)X4 14 54 0.0096 0.1344
(0X5 0 5, 0 0
(0X6 0 5* -0.1405 0
wX7 0 57 -0.0727 0
(0X8 0 6R -0.0062 0
(0X9 0 5, 0.2607 0
coXlO 0 810 0.2562 0
(oXll 14 5,i 0.2433 3.4062
o)X12 0 817 0.3977 0
(oX13 0 5n 0 0
(oX14 0 614 0.1046 0
(oX15 0 Si, 0 0
(0X16 0 8,fi 0.1882 0
©XI7 14 8,7 0.2738 3.8332
coX18 0 8]B 0.2413 0
raX19 0 8,9 0.3335 0
©X20 0 820 0.2997 0
coX21 0 5,, 0.2055 0
raX22 0 82,7 0.2795 0
toX23 70 S* 0.2384 16.688 T.SfoXt
<bX24 0 824 0.3007 0 28.3542
Constant, a0 = -0.4433 Y(ECS0)=| 1.7478 | L* Data
outpu
Figure 7.7: Spreadsheet for the calculation of predicted EC50 for Daphnia magna.
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Table 7.6: Dataset of the IL toxicities on Vibriofischeri.









1 Imidazolium Trifluoroacetate [IM][TFA] 4.07 4.07 [36]
2 Imidazolium Acetate [IM][Ace] 3.61 3.61 [36]
3 Imidazolium Trifluoromethane sulfonate [IM][TfO] 3.81 3.81 [36]
4 Imidazolium Caprylate [IM][Cap] 2.29 2.29 [36]
5 Methylimidazolium Trifluoroacetate [dIM][TFA] 3.57 3.57 [36]
6 Methylimidazolium Acetate [QIMHAce] 4.07 4.07 [36]
7 Methylimidazolium Trifluoromethanesulfonate [C,IM][TfO] 4.35 4.35 [36]
8 Methylimidazolium Caprylate [CilMltCap] 2.13 2.13 [36]
9 Methylimidazolium Formate [C!lM][For] 2.83 2.83 [36]
10 Methylimidazolium [MIMj 0.16 0.16 [44]
11 Methylmethylimidazolium Methylsulfate [C,MIM][MetS04] 4.76 4.76 [48]
12 Ethylmethylimidazolium Ethylsulfate [C2MIM][EtS04l 4.02 4.02 [48]
13
Ethylmethylimidazolium Bis[l,2-
benzenediolato(2-)]borate [C2MIM][(2-OPhO)2B] 3.00 3.00 [128]
14 Ethylmethylimidazolium Chloride [C2MIM][C1] 4.55 4.55 [35]
15 Ethylmethylimidazolium Chloride [C2MIM][C1] 4.33 4.33 [147]
16 Prbpylmethylimidazolium Tetrafluoroborate [C3MIM][BF4] 3.94 3.94 [43]
17 Butylimidazolium Trifluoroacetate [C4IM][TFA] 3.28 3.28 [36]
18 Butylimidazolium Acetate [C4IM][Ace] 3.32 3.32 [36]
19 Butylimidazolium Trifluoromethanesulfonate [C4IM][TfO] 2.77 2.77 [36]
20 Butylimidazolium Caprylate [C4IM][Cap] 2.00 2.00 [36]
21 Butylimidazolium Formate [C4IM][For] 3.19 3.19 [36]
22 Butylmethylimidazolium Hexafluorophosphate [C4MIM][PF6] 3.07 3.07 [91]
23 Butylmethylimidazolium Tetrafluoroborate [C4MIM][BF4] 3.55 3.55 [43]
24 Butylmethylimidazolium Tetrafluoroborate [C4MIM][BF4] 3.10 3.10 [91]
25 Butylmethylimidazolium Tetrafluoroborate [C4MIM][BF4] 3.54 3.54 [128]
26 Butylmethylimidazolium Bromide [C4MIM][Br] 3.07 3.07 [43]
27 Butylmethylimidazolium Bromide [C4MIM][Br] 4.01 4.01 [8]
28 Butylmethylimidazolium Bromide [C4MIM][Br] 3.27 3.27 [91]
29 Butylmethylimidazolium Chloride [C4MIM][C1] 3.71 3.71 [8]
30 Butylmethylimidazolium Chloride [C4MIMj[Cl] 3.39 3.39 [48]
31 Bu^lniethylimidazolium Chloride [C4MIM][C1] 3.4 3.4 [128]
32 Butylmethylimidazolium Chloride [C4MIM][C1] 3.47 3.47 [147]
33" Butylmethylimidazolium Chloride [C4MIM][C1] 3.34 3.34 [91]
34 Butylmethylimidazolium Dicyanamide [C4MIM][N(CN)2] 3.67 3.67 [44]
35
Butylmethylimidazolium O-Octylsulfate [C4MIM][80S03] 1.85 1.85 [128]
36
Butylmethylimidazolium
Bis(trifluoromethanesulfonyl)imide [C4MIM][N(CF3S02)2] 3.39 3.39 [8]
37
Butylmethylimidazolium
Bis(trifluoromethanesulfonyl)imide [C4MIM][N(CF3S02)2] 2.48 2.48 [128]
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120 Ethylmethylimidazolium Trifluoroacetate [C2MIM][TFA] 4.28 4.28 [258]
121 Ethylmethylimidazolium Tetrachloroferrate(III) [C2MIM][FqCU\ 1.51 1.51 [258]
122
(Ethoxyethyl)methylimidazolium
Bis(trifluoromethanesulfonyl)imide [EOC2MIM][N(CF3S02)2] 2.96 2.96 [258]
123
(Hydroxyethyl)methylimidazilium
Bis(trifluoromethanesulfonyl)imide [OHC2MIM][N(CF3S02)2] 4.08 4.08 [258]
124 (Hydroxyethyl)methylimidazilium Iodide [OHC2MIM][I] 3.89 3.89 [258]
125
(Methoxyethylmethylimidazolium
Bis(trifluoromethanesulfonyl)imide [MOC2MIM][N(CF3S02)2] 2.84 2.84 [258]




[MOC2MIM][BF4] 1.15 1.15 [258]
128 (Methoxyethyl)methylimidazoIiumDicyanamide [MOC2MIM][N(CN)2] 1.07 1.07 [258]
129
Propylmethylimidazolium
Bis(trifluorornethanesulfonyl)imide [C3MIM][N(CF3S02)2] 2.77 2.77 [258]
130
(Hydroxypropyl)methylimidazolium
Bis(trifluoromethanesulfonyl)imide [C3OHMIM][N(CF3S02)2] 3.89 3.89 [258]
131
(Methoxypropyl)methylimidazolium
Bis(trifluoromethanesulfonyl)imide [MOC3MIM] [N(CF3S02)2] 3.24 3.24 [258]
132 Butylmethylimidazolium Iodide [C4MIM][I] 3.59 3.59 [258]
133 Butylmethylimidazolium Tetrachloroferrate(III) [C4MIM][FeCl4] 1.51 1.51 [258]
134
Hexylmethylimidazolium
Bis(trifluoromethanesulfonyl)imide [C6MIM][N(CF3S02)2] 2.05 2.05 [258]
135
Hexylmethylimidazolium
Trifluoridotris(pentafluoroethy!)phosphate [C6MIM][P(C2F5)3F3] 2.65 2.65 [258]
136
Hexylmethylimidazolium 1,1-Dioxo-1,2-
dihydrobenzo[d]isothiazol-3-onate [C6MIM][2-S02PhCO)N] 2.67 2.67 [258]
137
Octylmethylimidazolium
Bis(trifluoromethanesulfonyl)imide [CsMIM][N(CF3S02)2] 0.83 0.83 [258]
138 DecylmethylimidazoliumTetrachloroferrate(III) [C10MIM][FeCl4] -0.43 -0.43 [258]
184 1-Ethyl-1-methylimidazolium tetracyanoborate [C2MIM][B(CN)4] 3.62 3.62 [258]
205 1-Butyl-1 -methylimidazolium bromide [BMIM][Br] 3.66 3.66 [258]
206 1-Hexyl-1-methylimidazolium bromide [HMIM][Br] 3.13 3.13 [258]
207 1-Octyl-1 -methylimidazolium bromide [OMIM][Br] 2.27 2.27 [258]
Pyridinium
67 Methylpyridinium [MPy] 3.07 3.07 [8]
68 Butylpyridinium Bromide [C4Py][Br] 3.4 3.4 [8]
69 Butylmethylpyridinium Bromide [C4MPy][Br] 2.75 2.75 [8]
70 Butyldimethylpyridinium Bromide [C4MMPy][Br] 2.69 2.69 [8]
71 Butylpyridinium Chloride [C4Py][Cl] 3.41 3.41 [8]
72 Butylpyridinium Chloride [C4Py][Cl] 3.18 3.18 [147]
73 Butylpyridinium Dicyanamide [C4Py][N(CN)2] 3.31 3.31 [44]
74 Butylmethylpyridinium Dicyanamide [C4MPy][N(CN)2] 2.66 2.66 [44]
75 Butyldimethylpyridinium Dicyanamide [C4MMPy][N(CN)2] 2.38 2.38 [44]
76 Hexylmethylpyridinium Bromide [C6MPy][Br] 2.06 2.06 [8]
77 Hexylmethylpyridinium Chloride [C6MPy][Cl] 1.44 1.44 [35]
78 Octylmethylpyridinium Bromide [C8MPy][Br] 0.79 0.79 [8]
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150 Hexylmethylpyrrolidinium Chloride [C6mPyrro][N(CF3S02)2] 2.40 2.40 [258]
198 1-Octy1-1 -methylpyrrolidinium chloride [CamPyrro][Cl] 2.17 2.17 [258]
197 1-Octy1-1 -methylpyrrolidinium bromide [C8mPyrro][Br] 2.26 2.26 [258]
180
1-Octy1-1 -methylpyrrolidinium
Bis(trifluoromethylsulfonyl)imide [C8mPyrro] [N(CF3S02)2] 1.58 1.58 [258]
145
(Ethoxyethyl)methylpyrrolidinium
Bis(trifluoromethanesulfonyl)imide [EOC2mPyrro] [N(CF3 S02)2] 2.97 2.97 [258]
146
(Hydroxypropyl)methylpyrro lidinium
Bis(trifluoromethanesulfonyl)imide [C3OHmPyrro] [N(CF3 S02)2] 3.91 3.91 [258]
Morpholinium
82 Butylmethylmorpholinium Bromide [C4mMor][Br] 4.30 4.30 [147]
189 1-Butyl-1 -methyllmorpholinium bromide [C4mMor][Br] 5.45 5.45 [258]
83
Butylmethylmorpholinium
Bis(trifluoromethanesulfonyl)imide [C4mMor] [N(CF3 S02)2] 2.49 2.49 [147]
167 1-Butyl-1 -methylmorpholinium dicyanamide [C4mMor][N(CN)2] 4.89 4.89 [258]
171 1-Butyl-1 -methylmorpholinium triflate [C4mMor][CF3S03] 4.40 4.40 [258]
190 1-Octylmorpholinium bromide [C8mMor][Br] 2.56 2.56 [258]
151
(Ethoxymethyl)methylmorpholinium
Bis(trifluoromethanesulfonyl)imide [EOdmMorJfNCCF.SOs),] 3.38 3.38 [258]
Piperidinium
84 Butylmethylpiperidinium Bromide [C4mPip][Br] 4.27 4.27 [147]
199 1-Butyl-l-methylpiperidinium bromide [C4mPip][Br] 4.22 4.22 [258]
85
Butylmethylpiperidinium
Bis(trifluoromethanesulfonyl)imide [C4mPip][N(CF3S02)2] 2.56 2.56 [147]
200 1-Hexy1-1-methylpiperidinium bromide [C6mPip][Br] 2.94 2.94 [258]
201 1-Octy1-1 -methylpiperidinium bromide [C8mPip][Br] 2.00 2.00 [258]
202 1-Butyl-l-ethylpiperidinium bromide [C4ePip][Br] 3.96 3.96 [258]
203 1-Octyl-l-ethylpiperidinium bromide [CBePip][Br] 1.80 1.80 [258]
204 l-Octyl-l-ethylpiperidinium iodide [C8ePip][I] 2.20 2.20 [258]
176 1-Octy1-1 -ethylpiperidinium thiocyanate [C8ePip][SCN] 1.50 1.50 [258]
187 1-Octyl-l-ethylpiperidinium tetraphenylborate [CgePipltBPlu] 1.36 1.36 [258]
Guanidinum
90 1,1,3,3-Tetramethylguanidine Trifluoroacetate [TMG][TFA] 0.47 0.47 [36]




[TMG][TfO] 3.52 3.52 [36]
93 1,1,3,3 -TetramethyIguanidine Caprylate [TMG][Cap] 2.29 2.29 [36]
99 di-butyl-tetramethyl-guanidinium iodide [TMGC4][I] 1.94 1.94 [259]
100 di-heptyl-tetramethyl- guanidinium iodide [TMGC7][I] 0.88 0.88 [259]
101 di-dodecyl-tetramethyl-guanidinium iodide [TMGC12][I] 1.43 1.43 [259]
102
N"N,l-dimethyl-N,N,N,,N'-tetra-(2-
methoxyethyl)-guanidinium chloride [(C30)4DMG][C1] 2.46 2.46 [259]
103 tetrahexyl-dimethyl-guanidiniumchloride [(di-h)2DMG][Cl] 0.92 0.92 [259]
Phosphonium
106 trihexyltetradecylphosphonium bromide [P6,6,6,14][Br] 1.05 1.05 [259]
107 trihexyltetradecylphosphonium methanosulfonate [P6,6,6,14][CH3S03] 1.11 1.11 [259]
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7.2.3 QSAR for the Established Cell Lines (MCF-7 and IPC-81)
7.2.3.1 MCF-1
Studies on the human cell line could give a clear idea for the toxic impact on human
beings. Several toxicity researches have been conducted on the human cell line. The
present prediction of cytotoxicities on human breast cancer cell line (MCF-7) was
carried out due to its wide use in the laboratory to create the toxicity profile. A dataset
of 77 ILs has been constructed from experimental and literature reported data [182-
183, 261-263] for MCF-7 as shown in Table 7.8 and the results are summarized in
Table 7.9. Table 7.8 covers almost all type of IL families including imidazolium,
ammonium, phosphonium, pyridinium, pyrrolidinium and piperidinium moiety. Cell
toxicity is difficult in a sense that collection of cells and its maintenance needs time
and money related. Therefore, the mathematical model for toxicity using the cell line
will be a hope for the future ILs.
The proposed model for MCF-7 generated a good fitting using Eq. (3.10) with
'y .......
R —0.995 and the standard error was estimated to be 1.614. The accuracy showed the
reliability of the model, and the predicted toxicity values by QSAR was similar to the
experimental toxicity values. Figure 7.10 displays that the model predicted toxicities
reliably since the plotted values remained close to the
log ECsQpredicted —log EC'^experimental line and there were no extreme outliers. It could
also be seen that there were about 60 ILs having 'zero' error out of 77 ILs, which has
been shown in Figure 7.9. The present work on cytotoxicity of MCF-7 is summarized
as IC50 values (in mM) in Table 6.7. The errors were estimated as average relative
deviation (ARD) and average absolute relative deviation (AARD) with the values
0.6334 and 2.5717 respectively. The equation (3.10) has been modified for MCF-7
and expressed in Eq. (7.3).
31 4 . 29 ^_ _.
^MCF-7 = «0 + SM0 + £>-/«>' + J.S,toX, (7.3)
i=l 1=1 i-n+l
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Figure 7.10: Comparison betweenpredicted and experimental IC50 values (in mM)
for MCF-7.
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Table 7.8: Database of the ILs toxicities on the human cell line MCF-7.
No. Ionic Liquids IL acronyms ic50(mM) Ref.
Imidazolium
1 1-Benzyl-3-propyronitriIeimidazolium Chloride [C2CNbzim][Cl] 2.32 pw
2 1-Allyl-3-propyronitrileimidazoIium Chloride [C2CNalyim][CI] 5.54 pw
3 l-Butyl-3-propyronitrileimidazolium Chloride [C2CNbim]rCI] 4.82 pw












8 1-Methyl-1 -octylimidazolium Tetrafluoroborate [C8mim][BF4] 0.69 [183]
9 1-(2-hydroxylethyI)imidazolium Chloride rC2OHiml[Cl] 7.70 pw
10 1-(2-hydroxylethyl)-3-methylimidazolium Chloride [C2OHmiml[Cll 3.35 pw
11 1-(2-hydroxylethyl)-3-butyl imidazolium Chloride [C2OHbiml[Cl] 3.20 pw
12 l-(3-hydroxytpropyl)imidazolium Chloride [C3OHiml[Cl] 13.75 pw
13 l-(3-hydroxylpropyl)-3-methylimidazolium Chloride [C3OHmim][Cl] 11.34 pw
14 1-(3-hydroxylpropyl)-3-butylimidazolium Chloride [C3OHbiml[CI] 5.03 pw
15 1-(4-hydroxylbutyl)imidazolium Chloride [C4OHim][Cl] 10.25 pw
16 l-(4-hydroxylbutyl)-3-methyIimidazolium Chloride [C4OHmiml[Cl] 9.52 pw
17 l-(4-hydroxylbutyl)-3-butylimidazolium Chloride [C4OHbim][Cl] 4.73 pw
18 1-(6-hydroxylhexyl)imidazolium Chloride [C6OHim][Cl] 6.90 [182]
19 l-(6-hydroxyIhexyl)-3-methylimidazolium Chloride [CsOHmiml[Cll 6.20 [182]
20 1-(6-hydroxylhexyl)-3-ethylimidazolium Chloride C6OHeim][Ci] 4.10 [182]
21 1-(6-hydroxylhexyI)-3-butyIimidazolium Chloride rC6OHbiml[Cll 2.80 [1821
22 l-(2-hydroxyethyI)-3-methylimidazolium Tetrafluoroborate rC2OHmiml[BF4l 3.54 Pw
23 l-(2-hydroxyethyl)-3-methylimidazolium Hexafluorophosphate [C2OHmiml[PF6l 2.96 Pw
24 l-(2-hydroxyethyl)-3-methylimidazoIium Dicyanamide [C2OHmim][N(CN)2] 3.22 Pw
25 1-(2-hydroxyethyl)-3-methylimidazolium Methylsulfate [C2OHmim][MeS04l 3.06 Pw







28 1-Octylpyridinium Bromide rC8pyrl[Br 0.01 [183]
29 1-OctyI-2-methylpyridinium Bromide [CBm(l,2)pyrl[Brl 0.01 [183]
30 l-Octyl-3-methylpyridinium Bromide [C8m(l,3)pyr][Br] 0.01 [183]
31 1-Octyl-4-methylpyridinium Bromide [C8m(l,4)pyr][Br] 0.02 [183]
32 1-Octyl-4-methylpyridinium bis(trifluoromethylsulfonyl)imide [C8m(l,4)pyr]f(CF3S03)2Nl 0.03 [183]
33 1-Octyl-4-methylpyridinium nonafluorobutylsulfonate [C8m(l,4)pyr][C4F9S03] 0.04 [183]
Pyrrolidinium
34 1-Methyl-1-ethylpyrrolidinium Bromide [C2mpyrro][Brl 188.0 [2611






37 1-Methyl-1 -butylpyrrolidinium Bromide [C4mpyrro][Br] 17.80 [183,261]






40 1-Methyl-1 -butylpyrrolidinium Hexafluoroarsenate [C4mpyrro][AsF6] 6.94 [183]
41 1-Methyl-l-pentylpyrrolidinium Bromide [C5mpyrrol[Brl 3.90 [261]
42 1-Methyl-l-hexylpyrrolidinium Bromide [C5mpyrro][Brl 1.10 [261]
43 1-Methyl-l-heptylpyrrolidinium Bromide [C7mpyrro][Br] 0.30 [261]
44 1-Methyl-1 -octylpyrrolidinium Bromide [CBmpyrro][Br] 0.08 T2611
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Table 7.8: Continued...
















47 1-Methyl-1 -ethylpiperidinium Bromide [C2mpipl[Br] 59.20 [261]
48 1-Methyl-1 -propylpiperidinium Bromide [C3mpip][Br] 24.70
[183,
261]
49 1-Methyl-1 -propylpiperidinium Bromide rC3mpipl[Brl 24.20 [2611
50 1-Methyl-1 -butylpiperidinium Bromide [C4mpip][Br] 14.00
[183,
261]






53 1-Methyl-1-pentylpiperidinium Bromide FCsmpipl[Brl 5.70 [261]
54 1-Methyl-1 -hexyl piperidinium Bromide [C6mpipl[Brl 2.70 [2611
55 1-Methyl-1 -heptylpiperidinium Bromide [C7mpipl[Br] 1.20 [2611
56 1-Methyl-l-octylpiperidinium Bromide [C8mpip][Br] 0.54
[183,
261]
57 1-Methyl-1 -octylpiperidinium Bromide [C8mpipl[Br] 0.60 [261]






60 1-Methyl-l-octylpiperidinium dicyanamide [C8mpip][N(CN)2] 5.39 [183]















66 4-Hydroxybutylpiperidinium Tetrafluoroborate rC4OHbpipl[BF4] 8.7 Pw







69 Trihexyltetradecylphosphonium Hexafluorophosphate [C666-!4PirPF6l 0.00 [2621
70 Trihexyltetradecylphosphonium Tetrafluoroborate [Cfififi.14PirBF4] >0.10 [262]
71
Tetrabutylphosphonium trifluorotris(1,1,2,2,2-
pentafluoroethyl)phosphate [C4444P][(C2F5)3PF3] >0.10 [262]
Ammonium, cholinium
72 Trioctylmethylammoniumbis(trifluoromethylsulfonyl)imide [C8S8,N]rCF3S02)2N] 0.00 [262]
73 Choline Acetate [Chpl [CHjCOO] 10.50 [263]
74 Choline Propionate [Cho] [C2H5COO] 11.20 [263]
75 Choline Butyrate [Choi [C3H7COO] 12.10 [263]
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A similar study has been done for the Leukemia Rat cell line, IPC-81 using the
database established by "UFT/Merck Ionic Liquids Biological Effects Database"
[258] of 227 individual ILs. The mathematical model was developed using the
MATLAB software based on a combination of polynomial and MLR. The results
from the proposed model indicated that the model was capable of predicting the ILs'
toxicities accurately, where R - 0.987 with an average absolute deviation error of
0.0154. The comparison curve (Figure 7.11) showed the reliability of the model
which was plotted using experimental and predicted IC5o values. The model described
and predicted the considered IC5o values better than other published models and had
the potential to be used as an alternative to experimental measurement in the
determination of IC5o values for a wide range of ILs. The error histogram (Figure
7.12) was drawn which showed the 'zero' error for about 190 ILs out of the 227 in the
IL database.
The present findings are an all-encompassing representation of the impact of the
ILs on the environment and human. Similar data and models will be required for other
representative species and, as the syntheses of the ILs continue to expand, a much
wider range of components, especially of substituents and anions, will need to be
investigated. Other factors such as biodegradation and bioaccumulation will also need

















Figure7.11: Comparison betweenpredicted and experimental toxicities on IPC-81
0.4 0.5 0.6
Error
0.7 0.B 0.9 1
Figure 7.12: Results error histogram for cell line, IPC-81.
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Table 7.10: Database of ILs toxicity on Leukemia rat cell line, IPC-81.




1 l-Butyl-3-methyl-3H-irnidazoliumthiocyanate 3.42 [258]
2 l-Methyl-3-pentyl-3H-imidazolium hexafluoridophosphate 3.07 [258]
5 l-Methyl-3-(2-phenylethyl)-3H-imidazolium chloride 3.00 [258]
7 1-Methyl-3-(2-phenylethyl)-3H-imidazolium hexafluoridophosphate 2.93 [258]
8 1-Methyl-3-(4-methylbenzyl)-3H-imida2olium tetrafluoridoboranuide 2.67 [258]
10 l-Methyl-3-(4-methylbenzyl)-3H-imidazolium hexafluoridophosphate 2.66 [258]
11 1-Methyl-3-(4-methylbenzyl)-3H-imidazolium chloride 2.64 [258]
12 l-Butyl-3-methyl-3H-imidazolium 0-2-(2-methoxyethoxy)ethyl sulfate 3.16 [258]
14 l-Heptyl-3-methyl-3H-imidazolium tetrafluoridoboranuide 2.58 [258]
15 l-Heptyl-3-methyl-3H-imidazolium hexafluoridophosphate 2.30 [258]
17 l-Methyl-3-(3,3,4,4,5)5)6,6J7,7,8,8,8-tridecafluorooctyl)-3H-imidazoliumhexafluoridophosphate 1.94
[258]
18 l-Ethyl-2-(8-heptadecenyl)-4,5-dihydro-3-(2-hydroxyethyl)-lH-imidazoliumO-ethyl sulfate 0.07
[258]
20 1-Methy1-3-nony1-3H-imidazolium hexafluoridophosphate 1.85 [258]
21 l-Methyl-3-nonyl-3H-imidazolium tetrafluoridoboranuide 1.65 [258]
22 l-(2-hydroxyethyl)-3-methyl-3H-imidazolium tetrafluoridoboranuide 3.48 [258]
24 1-Ethyl-3-hexyl-3H-imidazolium tetrafluoridoboranuide 2.26 [258]
25 l;3-Didecyl-2-methyl-3H-imidazoliumbis(trifluoromethylsulfonyl)amide -0.13 [258]
26 l-Ethyl-3-hexyl-3H-imidazpliura bromide 2.00 [258]
27 1-(8-hydroxyoctyl)-3-methyl-3H-iniidazolium bromide 2.36 [258]
28 l-Decyl-3-ethyl-3H-imidazolium bromide 0.53 [258]
29 Benzyldecyldimethylammonium chloride 0.64 [258]
30 l-Methyl-3-pentyl-3H-imidazolium tetrafluoridoboranuide 3.09 [258]
38 1-Ethyl-3-methyl-3H-imidazolium bis[oxalato(2-)]borate 2.93 [258]
39 l-Ethyl-3-methyl-3H-imidazoliumbis[l,2-benzenediolato(2-)]borate 1.03 [258]
40 l-Butyl-3-methyl-3H-imidazoliumdicyanidoamide 3.15 [258]
41 l-Butyl-2,3-dimethyl-3H-imidazolium tetrafluoridoboranuide 1.37 [258]
42 l-Hexyl-2,3-dimethyl-3H-imidazolium tetrafluoridoboranuide 1.90 [258]
43 l-Ethyl-3-methyl-3H-imidazolium bis(pentafluoroethyl)phosphinate 2.83 [258]
45 l-Decyl-3-methyl-3H-imidazolium bromide 0.27 [258]
46 l-Butyl-3-methyl-3H-imidazolium trifluoromethanesulfonate 3.02 [258]
48 l-Hexyl-3-methyl-3H-imidazoliumbis(trifluoromethylsulfonyl)amide 2.24 [258]
49 l-Decyl-3-methyl-3H-imidazolium chloride 1.34 [258]
50 l-Methyl-3-tetradecyl-3H-imidazolium chloride
-0.42 [258]
51 l-Methyl-3-octyl-3H-imidazolium hexafluoridophosphate 1.96 [258]
52 1-Ethyl-3-methyl-3H-imidazolium tetrafluoridoboranuide 3.44 [258]
53 l-Hexyl-3-methyl-3H-imidazolium chloride 2.82 [258]
57 1-Butyl-3 -methyl-3H-imidazolium tetrafluoridoboranuide 3.11 [258]







61 1-Ethyl-3-methyl-3H-imidazolium chloride 3.86 [258]
62 l-Methyl-3-octyl-3H-imidazolium chloride 2.01 [258]
[258]64 l-Ethyl-3-methyl-3H-imidazolium hexafluoridophosphate 3.92
65 l-Ethyl-3-methyl-3H-imidazolium trifluoromethanesulfonate 4.09 [258]
66 1-Butyl-3-methyl-3H-imidazolium 0-methyl sulfate 3.21 [258]
67 l-Hexyl-3-methyl-3H-imidazolium tetrafluoridoboranuide 2.98 [258]
68 l-Hexyl-3-methyl-3H-miidazolium hexafluoridophosphate 2.91 [258]
69 l-Methyl-3-octyl-3H-imidazolium tetrafluoridoboranuide 1.59 [258]
73 l-Hexyl-3-methyl-3H-imidazoliumtrifluoridotris(pentafluoroethyl)phosphate 1.43 [258]
74 l-Butyl-3-methyl-3H-imidazolium chloride 3.55 [258]
75 l-Hexadecyl-3-methyl-3H-imidazolium chloride -0.24 [258]
77 l-Butyl-3-methyl-3H-imidazolium bromide 3.43 [258]
78 l-Butyl-3-methyl-3H-imidazoliumbis(trifluoromethyI)amide 2.19 [258]
79 l-Butyl-3-methyl-3H-imidazoliumhexafluoridoantimonate 2.26 [258]
80 l-Butyl-3-methyl-3H-imidazoliumbis(trifluoromethylsulfonyl)amide 2.68 [258]
81 1-Methyl-3H-imidazolium tetrafluoridoboranuide 3.09 [258]
85 l-Methyl-3-octadecyl-3H-imidazolium chloride 0.01 [258]
86 l-Methyl-3-octyl-3H-imidazoliumbis(trifluoromethylsulfonyl)amide 1.64 [258]
89 l-Butyl-3-methyl-3H-imidazolium4-methylbenzenesulfonate 3.29 [258]
99 l-Ethyl-3-methyl-3H-imidazolium trifluoroacetate 4.00 [258]
102 l-Ethyl-3-methyl-3H-imidazolium O-methyl sulfate 4.20 [258]
103 1-Ethyl-3-methyl-3H-imidazolium 4-methylbenzenesulfonate 3.81 [258]
104 l-Butyl-3-methyl-3H-imidazolium O-octyl sulfate 3.23 [258]
105 l-Methyl-3-octyl-3H-imidazolium O-octyl sulfate 1.53 [258]
106 l-Butyl-3-methyl-3H-imidazolium iodide 3.48 [258]
108 1-Ethyl-3-methyl-3H-imidazolium thiocyanate 4.23 [258]
109 l-Ethyl-3-methyl-3H-imidazolium O-octyl sulfate 3.22 [258]
111 l-Ethyl-3-methyl-3H-imidazolium hydrogen sulfate 3.99 [258]
112 l-Ethyl-3-methyl-3H-imidazolium O-ethyl sulfate 3.93 [258]
113 l-Butyl-3-methyl-3H-imidazolium hydrogen sulfate 3.29 [258]









127 l-Ethyl-3-methyl-3H-imidazoliummethanesulfonate 3.97 [258]
128 l-Butyl-3-methyl-3H-imidazoliummethanesulfonate 3.51 [258]
129 l-Ethyl-3-methyl-3H-imidazoliumO-2-(2-methoxyethoxy)ethyl sulfate 3.85 [258]
134 l-Benzyl-3-methyl-3H-imidazolium tetrafluoridoboranuide 2.97 [258]
139 l-Methyl-3-octyl-3H-imidazolium trifluoromethanesulfonate 1.09 [258]
140 l-Methyl-3-pentyl-3H-imidazolium chloride 3.16 [258]
141 l-Heptyl-3-methyl-3H-imidazolium chloride 2.53 [258]
142 1-Methyl-3-nonyl-3H-imidazolium chloride 1.40 [258]
180
Table 7.10: Continued...
No. Ionic Liquids Log ECso(pM)
Ref.
143 l-Decyl-3-methyl-3H-imidazolium tetrafluoridoboranuide 0.77 [258]
144 l-Decyl-3-methyl-3H-imidazolium hexafluoridophosphate 1.50 [258]
149 l-Hexyl-3-methyl-3H-imidazolium tris(trifluoromethylsulfonyl)methanide 3.44 [258]
157 1-(3 -methoxypropyl)-3 -methy1-3H-imidazolium chloride 4.49 [258]
174 1-Butyl-3 -ethyl-3 H-imidazolium trifluoromethanesulfonate 3.43 [258]
177 1-(ethoxymethyl)-3-methyl-3H-imidazolium chloride 3.60 [258]
179 l-Butyl-3-ethyl-3H-imidazolium trifluoroacetate 3.31 [258]
184 l-Methyl-3-octyl-3H-imidazoliumtrifluoridotris(pentafluoroethyl)phosphate 0.61 [258]
192 l-(2-ethoxyethyl)-3-methyl-3H-imidazolium bromide 4.14 [258]



















213 1-Butyl-3 -ethyl-3 H-imidazolium tetrafluoridoboranuide 3.26 [258]
Ammonium
3 Benzyldimethyltetradecylammonium chloride 0.16 [258]
33 Benzyldodecyldimethylammonium chloride 0.28 [258]
47 Tetramethylammoniumtrifluoridotris(pentafluoroethyl)phosphate 2.03 [258]
72 Tetraethylammoniumbis[l,2-benzenediolato(2-)]borate 1.17 [258]
100 Methyltrioctylammoniumbis(trifluoromethylsulfonyl)amide 0.23 [258]
116 (cyanomethyl)ethyldimethylammoniumbis(trifluoromethylsulfonyl)amide 3.87 [258]
120 Ethyl(2-methoxyethyl)dimethylammoniumbis(trifluoromethylsulfonyl)amide 3.31 [258]








153 Tetrabutylammonium bis[l,2-benzenediolato(2-)]borate 1.61 [258]
163 Emyl(2-hydroxyethyl)dimemylammoniumbis(trifluoromethylsulfonyl)amide 3.80 [258]





175 Butylethyldimethylammoniumbis(trifluoromethylsulfonyl)amide 3.53 [258]
188 (ethoxymethyl)ethyldirnethylammonium chloride 3.59 [258]
















4 1-Butylquinolinium tetrafluoridoboranuide 2.16 [258]
6 1-Hexylquinolinium tetrafluoridoboranuide 1.08 [258]
9 1-Octylquinolinium bromide -0.03 [258]
19 1-Octylquinolinium tetrafluoridoboranuide 2.17 [258]
31 1-Butylquinolinium bromide 2.32 [258]
Morpholinium
13 4-Ethyl-4-methylmorpholinium4-methylbenzenesulfonate 3.81 [258]









173 4-(2-ethoxyethyl)-4-methylmorpholiniumbis(trifluoromethylsulfonyl)amide 3.69 [258]











16 1,1-Dihexylpyrrolidinium tetrafluoridoboranuide 1.23 [258]
54 1-Butyl-1-methylpyrrolidinium dicyanidoamide 4.23 [258]
55 l-Butyl-l-methylpyrrolidiniumbis(trifluoromethylsulfonyI)amide 3.01 [258]
56 1-Butyl-1-methylpyrrolidinium tetrafluoridoboranuide 2.90 [258]
76 1-Butyl-1-methylpyrrolidinium trifluoridotris(pentafluoroethyl)phosphate 2.41 [258]
83 1-Hexy1-1 -methylpyrrolidinium chloride 2.93 [258]
84 1-Methyl-1 -octylpyrrolidinium chloride 2.59 [258]
87 1-Hexy1-1-methylpyrrolidinium bis(trifluoromethyIsulfonyl)amide 2.56 [258]
107 1-Butyl-1-methylpyrrolidinium bromide 3.77 [258]
118 1-(2-ethoxyethy1)-1-methylpyrrolidinium bis(trifluoromethyIsulfonyl)amide 3.20 [258]















168 1-(ethoxycarbonylmethy1)-1 -methylpyrrolidiniumbromide 3.84 [258]
178 1-(2-hydroxyethyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 3.72
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Table 7.10: Continued...
No. Ionic Liquids Log ECso
(pM)
Ref.
181 1-(cyanomethyl)-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)amide 3.80 [258]









23 1-Methyl-1-propylpiperidinium bis(trifluoromethylsulfonyl)amide 3.16 [258]
123 l-(3-methoxypropyl)-l-methylpiperidiniumbis(trifluoromethylsulfonyl)amide 3.27
[258]
126 1-(2-methoxyethyl)-1 -methylpiperidinium bis(trifluoromethylsulfonyl)amide 3.25 [258]
147 1-(2-ethoxyethyl)-1-methylpiperidinium bis(trifluoromethylsulfonyl)amide 3.34 [258]
151 1-(3-hydroxypropy1)-1-methylpiperidinium bis(trifluoromethylsulfonyl)amide 3.60 [258]
156 l-(ethoxymethyl)-l-methylpiperidiniumbis(trifluoromethylsulfonyl)amide 3.41 [258]
160 1-Butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)amide 3.41 [258]
161 1-(3-methoxypropyl)-1 -methylpiperidinium chloride 4.40 [258]
162 1-(cyanomethyl)-1 -methylpiperidinium chloride 4.58 [258]
165 l-(2-ethoxyethyI)-l-methylpiperidinium bromide 4.31 [258]
170 1-Butyl-1 -methylpiperidinium bromide 4.03 [258]
183 1-(ethoxymethyl)-1 -methylpiperidinium chloride 4.24 [258]
225 l-(cyanomethyl)-l-methylpiperidiniumbis(trifluoromethylsulfonyl)amide 3.95 [258]
226 1-(2-hydroxyethyl)-1 -methylpiperidinium iodide 4.58 [258]






34 Trihexyltetradecylphosphonium tetrafluoridoboranuide 0.48 [258]
35 Trihexyltetradecylphosphonium bis(trifluoromethylsulfonyl)amide 0.25 [258]
36 Methyltris(2-methylpropyl)phosphonium4-methylbenzenesulfonate 3.16 [258]
37 Tetrabutylphosphoniumbis[l,2-benzenediolato(2-)]borate 1.32 [258]
146 Tetrabutylphosphonium bromide 1.66 [258]
Pyridinium
44 1-Butyl-3,4-dimethylpyridinium chloride 3.05 [258]
59 1-Butylpyridinium tetrafluoridoboranuide 3.60 [258]
60 1-Butylpyridinium hexafluoridophosphate 3.85 [258]
63 1-Butyl-4-methylpyridinium chloride 3.32 [258]
70 1-Buty1-4-methylpyridinium tetrafluoridoboranuide 2.98 [258]
71 1-Hexylpyridinium hexafluoridophosphate 2.51 [258]
82 4-Methyl-1 -octylpyridinium chloride 1.63 [258]
[258]88 [-Butylpyridinium O-methyl sulfate 3.92







91 1-Butyl-3,5-dimethylpyridinium chloride 3.42 [258]
92 l-Butyl-3-methylpyridinium chloride 3.86 [258]
93 l-Butyl-3-methylpyridinium tetrafluoridoboranuide 3.30 [258]
94 l-Hexylpyridiniumbis(trifluorometiiylsulfonyl)amide 2.87 [258]
95 1-Butylpyridinium trifluoromethanesulfonate 3.66 [258]
96 1-Hexylpyridinium trifluoromethanesulfonate 2.54 [258]
98 1-Octylpyridinium chloride 1.27 [258]
101 1-Ethylpyridinium chloride 4.22 [258]
110 l-Butyl-3-methylpyridinium hexafluoridophosphate 3.47 [258]
117 4-(dimethylamino)-l-hexylpyridiniumbis(trifluoromethylsulfonyl)amide 1.02 [258]
122 l-(3-hydroxypropyl)pyridiniumbis(trifluoromethylsulfonyl)amide 3.55 [258]
130 l-Butyl-3-methylpyridiniumdicyanidoamide 3.46 [258]
133 Pyridinium chloride 3.77 [258]
135 l-HexyI-3-methyIpyridinium chloride 2.40 [258]
136 1-Hexyl-4-methylpyridinium chloride 2.67 [258]
137 3-Methyl-1-octylpyridinium chloride 1.47 [258]
138 1-Hexylpyridinium chloride 2.80 [258]
154 l-(3-sulfopropyl)pyridinium trifluoromethanesulfonate 3.90 [258]
169 1-(2-hydroxyethyl)pyridinium bis(trifluoromethylsulfonyl)amide 3.79 [258]
171 1-(cyanomethyl)pyridinium bis(trifluoromethylsulfonyl)amide 3.50 [258]
172 l-(ethoxymethyl)pyridinium chloride 3.32 [258]
176 4-(dimethylamino)-l-ethylpyridiniumbis(trifluoromethylsulfonyl)amide 2.79 [258]
182 l-(ethoxymethyl)pyridmiumbis(trifluoromethy]sulfonyl)amide 3.12 [258]
185 1-(2-methoxyethyl)pyridinium bis(trifluoromethylsulfonyl)amide 3.19 [258]
187 1-(2-ethoxyethyOpyridinium bis(trifluoromethylsulfonyl)amide 3.26 [258]
189 l-(3-methoxypropy!)pyridiniumbis(trifluoromethylsuifonyl)amide 3.38 [258]
190 1-(2-ethoxyethyl)pyridinium bromide 4.24 [258]
191 l-Butyl-4-(dimethylamino)pyridiniumbis(trifluoromethylsulfonyI)amide 1.82 [258]
193 1-Butyl-2-methylpyridinium tetrafluoridoboranuide 3.25 [258]
194 1-Butyl-2-methyIpyridinium chloride 3.75 [258]
201 4-(dimethylamino)-l-methylpyridinium iodide 2.89 [258]
203 l-Propylpyridiniumbis(trifluoromethylsulfonyl)amide 3.20 [258]
204 1-Butyl-3,4-dimethylpyridinium tetrafluoridoboranuide 3.02 [258]
206 1-Pentylpyridinium bromide 3.15 [258]
207 l-Butyl-3,5-dimethylpyridinium tetrafluoridoboranuide 3.26 [258]
209 1-Pentylpyridiniumbis(trifluoromethylsulfonyl)amide 2.85 [258]
211 4-(dimethylamino)-l-ethylpyridinium bromide 2.90 [258]
214 1-Butyl-4-methylpyridinium tetracyanidoboranuide 2.88 [258]
216 l-Butyl-4-(dimethylamino)pyridinium chloride 1.94 [258]
217 l-Hexyl-4-methylpyridinium tetrafluoridoboranuide 2.17 [258]
219 4-(dimethylamino)-l-hexylpyridinium chloride 0.94 [258]
222 1-(2-hydroxyethyl)pyridinium iodide 4.16 [258]
223 4-Methyl-l-octylpyridinium tetrafluoridoboranuide 1.49 [258]
224 l-(cyanomethyI)pyridinium chloride 3.79 [258]
Guanidinium
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This chaper includes the datasets developed using the data from the literature and
experimental results on four different tropic level organisms namely aquatic
vertebrate daphnia magna, bioluminescent bacteria Vibrio fischeri, established cell
lines MCF-7 and IPC-81. Datasets were prepared with EC50 values of the ILs studied
so far in the published work. Total 64, 217, 77 and 227 datasets of ILs were used in
the four datasets accordingly. Different results from the different group for single IL
also included in the datasets to minimize the error in modeling. Experimental and
predicted toxicity results were tabulated with error of estimate. The comparisons were
made which were successful with the best accuracy. Error histogram shows the
percentile of ILs having zero to numeric error.
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CHAPTER 8
CONCLUSIONS, RECOMMENDATION AND FUTURE WORK
Thirteen HO-functionalized ILs have been synthesized and characterized using
spectroscopic techniques. The physical properties (density, viscosity, refractive index
and surface tension) of hydroxyl-functionalized imidazolium based ILs show
systematic variations with temperature and with the alkyl chain length in two N-
substituted position (1- and 3-) of imidazole ring. Hydroxyl group incorporation in the
side chain of imidazolium ILs increases the viscosity which can be explained due to
hydrogen bonding present in the molecule. Additional oxygen-containing functional
groups must lower the overall hydrophobicity of the molecule. Therefore, the
presence of additional electron-rich sites in the alkyl chain will certainly not support
this process.
Acute toxicity of hydroxyl functionalized imidazolium and ammonium based ILs
were evaluated using Guppy fish (Poecilia reticulata) according to the OECD
standard method. Results obtained from this work indicated that most of the ILs are
toxic according to acute toxicity rating scale by Fish and Wildlife Service (FWS). The
Median lethal concentrations of ammonium based ILs are less than the imidazolium
ILs indicates the more toxic behavior. Increasing the alkyl chain length showed the
ILs more toxic due to lipophilic nature of this type of branching. Incorporation of
hydroxyl groups in both imidazolium and ammonium based ILs reduces the toxicity.
Hydroxylammonium ILs exhibited anti-microbial activity (especially against
Staphylococcus aureus) with 2-hydroxyethylammonium lactate and 2-hydroxy-N-(2-
hydroxyethyl)-N-methylethanaminium acetate being toxic to a wide spectrum of
human pathogens and exhibiting inhibition effectiveness comparable to gentamicin.
The IL bis-(2-hydroxyethyl)ammonium lactate was the least toxic amongst the eight
liquids studied. Hydroxyl imidazolium ILs, though capable of inhibiting microbial
growth, were not comparable with that of gentamicin in terms of anti-microbial
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potency. The EC50 values of the ILs also indicated a straightforward dependence on
the chain length of alkyl substituents on the cation ring. The findings from this study
can be used for better design of imidazolium-based ILs with consideration of their
aquatic toxicities. Cytotoxicity studies with a variety of ILs including imidazolium,
piperidinium, cholinium and ammonium families have been conducted with human
breast cancer cell line (MCF-7). The resulting IC50 values (in mM) show the toxicity
range from 1.53 uM to 16.00 uM for [C6rnim][Cl] and [C2OHmmmN][(CH3)3CCOO]
respectively. The relevance of increasing the carbon number in the side chain with the
IC50 is apparent in all the IL families. Insertion of hydroxyl group can decrease the
toxicity as a result of the presence of the electronegative oxygen atom in the structure.
The experimental investigations for ILs toxic behaviour are in need of sufficient
time and significant physical and chemical resources. Therefore, a faster and more
cost-effective approach should be introduced to assess the toxicity of approximately
more than one million ILs in different trophic levels. New mathematical models in the
form of the QSARs for the four different species such as the freshwater flea Daphnia
magna, bioluminescence bacteria Vibrio fischeri; established cell lines, such as
MCF-7 (human breast cancer cell line) and IPC-81 (Leukaemia rat cell line) have
been developed using the group contribution method. Prior to that, the datasets have
been built from the published literature and experimental results. The developed
models, hybrids of MLR and PN, predicted the IL toxicities more accurately where
the accuracy and standard error were estimated R2 > 0.97 and < 0.028, respectively.
These models could be the alternative to experimental toxicoiogical assessments of
many ILs.
8.1 Applications of the ILs in the Future Work
Hydroxyl-functionalized imidazolium and ammonium based ILs can be used for
different applications including the synthesis of nano-materials, biphasic catalysis,
recyclable media for organic transformation and absorption of toxic gas (such as CO2
and SO2) from the crude oil and flue gas. The present study selected some
imidazolium, ammonium and piperidinium ILs, which were synthesized and
characterized. New ILs were introduced which properties are unknown. The
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properties have been measured as density, viscosity, refractive index and surface
tension. The densities of hydroxyl-functionalized imidazolium based ILs are greater
than the non-functionalized ILs which is similar to their viscosities as well. This trend
can be attributed due to possibility of more H-bond formation and interaction between
the hydroxyl groups and anions [264]. Most of them are solid and hygroscopic, can be
explained owing to strong hydrogen bonding and Van der Waals force. Incorporation
of hydroxyl groups in imidazolium ILs increases the solubility in polar solvent like
water. These properties can help them to use as water based drilling fluid for
enhanced oil recovery.
Hydroxyl group exhibited strong effect on H-bonding and thus polarity. They
were first reported by Branco et al. [132] and measured the solubility, densities and
viscosities. Hydroxyl ILs are suggested as suitable stabilizer for the synthesis of
nanostructure materials [88, 133-134] which can be possible to made using Rh
nanoparticles and due to its stabilization in hydroxyl ILs as compared to non-
functionalized ILs. They provide an effective and highly stable catalytic system for
biphasic hydrogenation reaction. Dorjnamjin et al. [265] and Choi et al. [250]
reported separately the synthesis and fabrication of the silver nano-particle from
hydroxyl ILs. They concluded that the alcohol-functionalized cationic surfactants and
ILs are a suitable medium for the preparation and stabilization of silver metal nano
particles and the sizes of nano-particles depend on the number of alcohol and other
groups and their position in ILs' cations. The introduction of hydroxyl group to the
imidazolium cation increases the solubility and enhances the partitioning of inorganic
salts, which makes these RTILs ([C2OHmim][X]) appropriate as recyclable media for
organic transformations, including transition metal catalysis [113], They also
exhibited strong effect on microbial test especially for 1-alkyl-3-
hydroxyethylimidazolium ILs with long alkyl chain, proved that they can be used for
the future development of new antiseptics and disinfactants [265]. Solubility of CO2
varying temperature and pressure was established in hydroxyl ammonium ILs by
Kurnia et al. [266] and compared with Yuan et al. [220], where they found that the
solubility increase with increasing pressure and decrease with increasing temperature.
Removal of CO2 from natural gas will be an application for this type of ILs. The
present work shows that the hydroxyl ammoniumILs exhibited anti-microbial activity
being toxic to wide-spectrum of human pathogens and exhibiting inhibition
effectiveness comparable to Gentamicin [255].
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APPENDIX A (Tables)
Table Al: Experimental densities, dynamic viscosities, refractive indices and surface
tensions of the ILs over the temperature range.
r/K rC6OHim][Cl] [C6OHmim][Cl] [C6OHeim][Cl] [C6OHbim][Cl]
p/(g.cm"J)
303.15 1.1366 1.1194 1.1017 1.0633
308.15 1.1335 1.1166 1.0989 1.0605
313.15 1.1305 1.1139 1.0962 1.0578
318.15 1.1276 1.1112 1.0935 1.0552
323.15 1.1246 1.1086 1.0909 1.0525
328.15 1.1217 1.1059 1.0882 1.0498
333.15 1.1187 1.1033 1.0856 1.0471
338.15 1.1158 1.1007 1.0830 1.0444
343.15 1.1128 1.0981 1.0804 1.0417
348.15 1.1099 1.0955 1.0778 1.0390
353.15 1.1070 1.0929 1.0752 1.0363
^/(mPa.s)
293.15 575 988 1146 1408
298.15 420 705 825 987
303.15 326 520 601 695
308.15 251 356 436 501
313.15 189 271 323 366
318.15 145 199 238 273
323.15 119 145 173 208
328.15 89 119 136 161
333.15 70 89 102 126
338.15 60 70 92 107
343.15 56 60 83 92
348.15 47 57 72 84
353.15 36 47 57 72
"D
293.15 1.5093 1.5106 1.5115 1.5132
298.15 1.5080 1.5093 1.5102 1.5119
303.15 1.5067 1.5080 1.5089 1.5106
308.15 1.5054 1.5067 1.5076 1.5093
313.15 1.5041 1.5054 1.5063 1.5080
318.15 1.5028 1.5041 1.5050 1.5067
323.15 1.5015 1.5028 1.5037 1.5054
328.15 1.5002 1.5015 1.5024 1.5041
333.15 1.4989 1.5002 1.5011 1.5028
o/OnN.m-1)
298.15 51.25 49.95 42.32 32.05
303.15 50.05 48.75 41.30 30.80
308.15 48.85 47.75 39.95 29.65
313.15 47.75 46.65 38.75 28.35
318.15 46.40 45.35 37.40 27.30
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Appendix C: MATLAB code written for developing toxicity models
ft in k




% DISTMATRIX return distance matrix between points in A=[xl yl ... wl] and in B=[x2 y2 ... w2]
% Copyright (c) 2005 by Kardi Teknomo, http://people.revoledu.com/kardi/
%
% Numbers of rows (represent points) in A and B are not necessarily the same.
% It can be use for distance-in-a-slice(Spacing) or distance-between-slice (Headway),
%
%A and B must contain the same number of columns (represent variables of n dimensions),
% first column is the X coordinates, second column is the Y coordinates, and so on.
% The distance matrix is distance between points in A as rows
% and points in B as columns.
% example: Spacing^ dist(A,A)
% Headway = dist(A,B), with hA ~= hB or hA-hB
% A=[123;456;246;123];B=[45 1;620]





% dist(B,A)= [ 4.69 5.00 5.48 4.69;




if wA ~= wB, error(' second dimension of A and B must be the same'); end
for k=l:wA









% we need to read file with extension . txt
























hole_data=[hole_data Wl W2 W3 W4 W5 W6 W7 W8 W9 W10 Wl 1W12 W13 W14 W15];
%X= [ones(size(hole data,l),l) W W.A2 W A3 W A4];%X - [ones(size(holeldatM),l) hole_dataZl Z2 Z3 Z4 Z5 Z5 Z6 Z8 Z9 Z10 Zll Z12 Z13 Z14 Z15
%X=[XZZX%2 Z1.*Z3 Z1.-Z4 Z1.*Z5 Z1.*Z6 Z1.*Z7 Z1.*Z8 Z1>Z9 Z1.*Z10 Zl.'Zll Z1.*Z12
Zl *Z13 Zl *Z14 Z1.*Z15 Z1.*Z16 Z1.*Z17 Z1.*Z18 ];%X-[X Z2'.*Z3 Z2.*Z4 Z2.*Z5 Z2.*Z6 Z2.*Z7 Z2.*Z8 Z2.*Z9 Z2.*Z10 Z2.*Z11 Z2.*Z12 Z2.*Z13
Z2 *Z14 Z2 *Z15 Z2.*Z16 Z2.*Z17 Z2.*Z18j;%X=[X Z3.*Z2 Z3.*Z3 Z3.*Z4 Z3.*Z5 Z3.*Z6 Z3.*Z7 Z3.*Z8 Z3.*Z9 Z3.*Z10 Z3.*Z11 Z3.*Z12
Z3 *Z13 Z3 *Z14 Z3.*Z15 Z3.*Z16 Z3.*Z17 Z3.*Z18 ];%X=[X Z4.*Z2 Z4.*Z3 Z4.*Z4 Z4.*Z5 Z4.*Z6 Z4.*Z7 Z4.*Z8 Z4.*Z9 Z4.*Z10 Z4.*Z11 Z4.*Z12
Z4 *Z13 Z4 *Z14 Z4.*Z15 Z4.*Z16 Z4.*Z17 Z4.*Z18 ];%X=[X Z5 *Z2 Z5.*Z3 Z5.*Z4 Z5.*Z5 Z5.*Z6 Z5.*Z7 Z5.*Z8 Z5.*Z9 Z5.*Z10 Z5.*Z11 Z5.*Z12
Z5 *Z13 Z5.*Z14 Z5.*Z15 Z5.*Z16 Z5.*Z17 Z5.*Z18 ];%X=[X Z6.*Z2 Z6.*Z3 Z6.*Z4 Z6.*Z5 Z6.*Z6 Z6.*Z7 Z6.*Z8 Z6.*Z9 Z6.*Z10 Z6.*Z11 Z6.*Z12
Z6 *Z13 Z6 *Z14 Z6 *Z15 Z6.*Z16 Z6.*Z17 Z6.*Z18 ];%X=[X Z7.*Z2 Z7.*Z3 Z7.*Z4 Z7.*Z5 Z7.*Z6 Z7.*Z7 Z7.*Z8 Z7.*Z9 Z7.*Z10 Z7.*Z11 Z7.*Z12
Z7 *Z13 Z7.*Z14 Z7.*Z15 Z7.*Z16 Z7.*Z17 Z7.*Z18 ];%X=[X Z8.*Z2 Z8.*Z3 Z8.*Z4 Z8.*Z5 Z8.*Z6 Z8.*Z7 Z8.*Z8 Z8.*Z9 Z8.*Z10 Z8.*Z11 Z8.*Z12
Z8 *Z13 Z8.*Z14 Z8.*Z15 Z8.*Z16 Z8.*Z17 Z8.*Z18 ];%X=[X Z9.*Z2 Z9.*Z3 Z9.*Z4 Z9.*Z5 Z9.*Z6 Z9.*Z7 Z9.*Z8 Z9.*Z9 Z9.*Z10 Z9.*Z11 Z9.*Z12
Z9 *Z13 Z9.*Z14 Z9.*Z15 Z9.*Z16 Z9.*Z17 Z9.*Z18 ];%"x=[X Z10*Z2 Z10*Z3 Z10.*Z4 Z10.*Z5 Z10.*Z6 Z10.*Z7 Z10.*Z8 Z10.*Z9 Z10.*Z10
Z10 *Z11 Z10 *Z12 Z10.*Z13 Z10.*Z14 Z10.*Z15 Z10.*Z16 Z10.*Z17 Z10.*Z18 ];
%X=[X Z11*Z2 Z11*Z3 Z11.*Z4 Z11.*Z5 Z11.*Z6 Z11.*Z7 Z11.*Z8 Z11.*Z9 Z11.*Z10
Zll*ZllZll*Zr2Zll.*Z13Zll.*Z14Zll.*Z15Zll.*Z16Zll.*Z17Zll.*Z18];
% X=IX Z12*Z2 Z12.*Z3 Z12.*Z4 Z12.*Z5 Z12.*Z6 Z12.*Z7 Z12.*Z8 Z12.*Z9 Z12.*Z10
Z12 *Z11 Z12 *Z12 Z12.*Z13 Z12.*Z14 Z12.*Z15 Z12.*Z16 Z12.*Z17 Z12.*Z18 ];
% X=rX Z13 *Z2 Z13.*Z3 Z13.*Z4 Z13.*Z5 Z13.*Z6 Z13.*Z7 Z13.*Z8 Z13.*Z9 Z13.*Z10
Z13 *Z11 Z13 *Z12 Z13.*Z13 Z13.*Z14 Z13.*Z15 Z13.*Z16 Z13.*Z17 Z13.*Z18 ];
% X=IX Z14*Z2 Z14.*Z3 Z14.*Z4 Z14.*Z5 Z14.*Z6 Z14.*Z7 Z14.*Z8 Z14.*Z9 Z14.*Z10
Z14 *Z11 Z14 *Z12 Z14.*Z13 Z14.*Z14 Z14.*Z15 Z14.*Z16 Z14.*Z17 Z14.*Z18 ];
% X=rx Z15 *Z2 Z15.*Z3 Z15.*Z4 Z15.*Z5 Z15.*Z6 Z15.*Z7 Z15.*Z8 Z15.*Z9 Z15.*Z10
Z15 *Z11 Z15.*Z12 Z15.*Z13 Z15.*Z14 Z15.*Z15 Z15.*Z16 Z15.*Z17 Z15.*Z18 ];
% X=[X Z16*Z2 Z16.*Z3 Z16.*Z4 Z16.*Z5 Z16.*Z6 Z16.*Z7 Z16.*Z8 Z16.*Z9 Z16.*Z10
Z16 *Z11 Z16 *Z12 Z16.*Z13 Z16.*Z14 Z16.*Z15 Z16.*Z16 Z16.*Z17 Z16.*Z18 ];
% X-rX Z17*Z2 Z17*Z3 Z17.*Z4 Z17.*Z5 Z17.*Z6 Z17.*Z7 Z17.*Z8 Z17.*Z9 Z17.*Z10
Z17.*Z11Z17.*Z12Z17.*Z13Z17.*Z14Z17.*Z15Z17.*Z16Z17.*Z17Z17.*Z18]; v]0+vin
% X=[X Z18*Z2 Z18.*Z3 Z18.*Z4 Z18.*Z5 Z18.*Z6 Z18.*Z7 Z18.*Z8 Z18.*Z9 Z18.*Z10
Z18 *Z11 Z18.*Z12 Z18.*Z13 Z18.*Z14 Z18.*Z15 Z18.*Z16 Z18.*Z17 Z18.*Z18 ];
% X=[X ZL Z2" ZiZ2.*Z3.*Z4.*Z5.*Z6.*Z7.*Z8.*Z9.*Z10.*Z11.*Z12.*Z13.*Z14.*Z15.*Z16.*Z17.*Z18];
260
%X = [ones(size(hole__data,l),l) hole_data W W.A2 W A3 W.A4 hole_data(:,l).*W hole_data(:,2).*W
hole_data(:,3).*W hole_data(:,4).*W hole_data(:,5).*W hole_data(:,6).*W hole_data(:,7).*W
hole_data(:,8).*W hole_jlata(:,9).*W hole_data(:,10).*W hole_data(:,l 1).*W hole_data(:,12).*W
hole_data(:,13).*W hole_data(:,14).*W hole_data(:,15).*W hole_data(:,16).*W hole_data(:,17).*W
hole_data(:,18).*W hole_data(:,19).*W hole_data(:,20).*W ];
%X = [ones(size(hole_data,l),l) hole_dataj;
%X = [X hole_data(:,l).*W A2 hole_data(:,2).*W.A2 hole_data(:,3).*W A2 hole_data(:,4).*W.A2
hole_data(:,5).*W.A2 hole_data(:,6).*W A2 hole_data(:,7)-*W A2 hole_data(:,8).*W.A2
hole_data(:,9).*W A2 hole_data(:,10).*W.A2 hole_data(:,ll).*W A2 hole_data(:,12).*W.A2
hole_data(:,13).*W.A2];
%X = [Xhole_data(:,l).*W A3 hole_data(:,2).*W A3 hole__data(:,3).*W A3 hole_data(:,4).*W.A3
hote_data(:,5).*W A3 hole_data(:,6).*W.A3 hole_data(:;7).*W.A3 hole__data(:,8).*W A3
hole_jiata(:,9).*W A3 hole_data(:,10).*W A3 hole_data(:,ll).*W.A3 hoIe_data(:,12).*W A3
hole_data(:,13).*W.A3];
X = [ones(size(hole_data,l),l) hole_dataWhole_data.*(W*ones(l,size(hole_data,2)))
hole__data.*(W.A2*ones(l,size(hole_data,2)))hole_data.*(W.A3*ones(l,size(hole_data,2)))
hole_dataA2.*(W.A2*ones(l,size(hole_data,2)))hole_data.A2.*(W.A2*ones(l,size(hole_data,2)))
hole_data A2.*(W*ones(l,size(hole_data,2)))]; %W W.A2 W.A3 W.A4 Zl Z2 Z3 Z4 Z5 Z5Z6 Z8 Z9
Z10 Zl 1 Z12 Z13 Z14 Z15 Z16 Z17 Z18 Z19 Z20 Z21 Z22 Z23 Z24 Z25 Z27 Z28 Z29 Z30 Z31 Z32
Z33];
















X - [X hole_data.A2.*(Wl*ones(l,size(hole_data,2))) hole_data.A2.*(W2*ones(l,size(hole_data,2)))
hole_data.A2.*(W3*ones(l,size(hole_data,2)))hoIe_data.A2.*(W4*ones(l,size(hole_data,2)))];
X = [X hole_jlataA2.*(W5*ones(l,size(hole_data,2))) hole_dataA2.*(W6*ones(l,size(hole_data,2)))
hole_data.A2.*(W7*ones(l,size(hole„data,2)))hole_data.A2.*(W8*ones(l,size(hole_data,2)))];
X - [X hole_data A2.*(W9*ones(l,size(hoIe_data,2))) hole_data A2.*(W10*ones(l,size(hole_data,2)))
hole_data.A2.*(Wll*ones(l,size(hole_data,2)))];













































% resultsY=[Yestmated Yestmated-ICY Yestmated+ICY ICY*2./Yestmated];
% resultsCoeff=[Coeffs Coeffs-ICBeta Coeffs+ICBeta 2*ICBeta./Coeffs];
%
%d=DistMatrix(hole_data,hole_data);
% if sum(sum(d))~=size(hole_data, 1)
% There_is_error='Yes you have error in yourdata, please checkit again to improveyour result'
% end
++++++++++++++++
% we need to read file with extension . txt





hole_data([ 2 23 7 8 56 ],:)=[];
%hole_data(35,:H];%[l 23456789 10 11 12],:)=[];
y=hole_data(: ,26);
hole_data(:,26)=[];
% need to read all data as input as well as output
% xl = [.2 .5 .6 .8 1.0 1.1 .2 .5 .6 .8 1.0 1.1]';
262
%x2=[.l .3 .4.9 1.1 1.4.1 .3,4.9 1.1 1.4]';
% y =[.17 .26 .28 .23 .27 .24 .1 .3 .4 .9 1.1 1.4]';
%
%X = [ones(size(xl» xl x2 xl.*x2xl.A2 x2 A2 xl A3 x2 A3 (xl A2).*x2 (x2 A2).*xl];

























































°/oX = [ones(size(hole__data,l),l) W W A2 W A3 W.A4];
X = [ones(size(hole_data,l),l) hole_data Zl Z2 Z3 Z4 Z5 Z5 Z6 Z8 Z9 Z10 Zl 1 Z12 Z13 Z14 Z15
Z16Z17Z18];
X=[X Z1.*Z2Z1.*Z3 Z1.*Z4 Z1.*Z5 Z1.*Z6 Z1.*Z7 Z1.*Z8 Z1.*Z9 Z1.*Z10 Z1.*Z11 Z1.*Z12
Z1.*Z13 Z1.*Z14 Z1.*Z15 Z1.*Z16 Z1.+Z17 Z1.*Z18 ];
X=[X Z2.*Z3 Z2.*Z4 Z2.*Z5 Z2.*Z6 Z2.*Z7 Z2.*Z8 Z2.*Z9 Z2.*Z10 Z2.*Z11 Z2.*Z12 Z2.*Z13
Z2.*Z14 Z2.*Z15 Z2.*Z16 Z2.*Z17 Z2.*Z18];
X=[X Z3.*Z2 Z3.*Z3 Z3.*Z4 Z3.*Z5 Z3.*Z6 Z3.*Z7 Z3.*Z8 Z3.*Z9 Z3.*Z10 Z3.*Z11 Z3.*Z12
Z3.*Z13 Z3.*Z14 Z3.*Z15 Z3.*Z16 Z3.*Z17 Z3.*Z18 ];
X=[XZ4.*Z2 Z4.*Z3 Z4.*Z4 Z4.*Z5 Z4.*Z6 Z4.*Z7 Z4.*Z8 Z4.*Z9 Z4.*Z10 Z4.*Z11 Z4.*Z12
Z4.*Z13 Z4.*Z14 Z4.*Z15 Z4.*Z16 Z4.*Z17 Z4.*Z18 ];
X=[X Z5.*Z2 Z5.*Z3 Z5.*Z4 Z5.*Z5 Z5.*Z6 Z5.*Z7 Z5.*Z8 Z5.*Z9 Z5.*Z10 Z5.*Z11 Z5.*Z12
Z5.*Z13 Z5.*Z14 Z5.*Z15 Z5.*Z16 Z5.*Z17 Z5.*Z18 ];
X=[X Z6.*Z2 Z6.*Z3 Z6.*Z4 Z6.*Z5 Z6.*Z6 Z6.*Z7 Z6.*Z8 Z6.*Z9 Z6.*Z10 Z6.*Z11 Z6.*Z12
Z6.*Z13 Z6.*Z14 Z6.*Z15 Z6.*Z16 Z6.*Z17 Z6.*Z18 ];
X=[X Z7.*Z2 Z7.*Z3 Z7.*Z4 Z7.*Z5 Z7.*Z6 Z7.*Z7 Z7.*Z8 Z7.*Z9 Z7.*Z10Z7.*Z11 Z7.*Z12
Z7.*Z13 Z7.*Z14 Z7.*Z15 Z7.*Z16 Z7.*Z17 Z7.*Z18 ];
X=[X Z8.*Z2 Z8.*Z3 Z8.*Z4 Z8.*Z5 Z8.*Z6 Z8.*Z7 Z8.*Z8 Z8.*Z9 Z8.*Z10 Z8.*Z11 Z8.*Z12
Z8.*Z13 Z8.*Z14 Z8.*Z15 Z8.*Z16 Z8.*Z17 Z8.*Z18 ];
X=[X Z9.*Z2 Z9.*Z3 Z9.*Z4 Z9.*Z5 Z9.*Z6Z9.*Z7 Z9.*Z8 Z9.*Z9 Z9.*Z10 Z9.*Z11 Z9.*Z12
Z9.*Z13 Z9.*Z14 Z9.*Z15 Z9.*Z16 Z9.*Z17 Z9.*Z18 ];
X=[X Z10.*Z2 Z10.*Z3 Z10.*Z4 Z10.*Z5 Z10.*Z6 Z10.*Z7 Z10.*Z8 Z10.*Z9 Z10.*Z10 Z10.*Z11
Z10.*Z12 Z10.*Z13 Z10.*Z14 Z10.*Z15 Z10.*Z16 Z10.*Z17 Z10.*Z18 ];
X=[XZ11.*Z2Z11.*Z3Z11.*Z4Z11.*Z5Z11.*Z6Z11.*Z7Z11.*Z8Z11.*Z9Z11.*Z10Z11.*Z11
Z11.*Z12Z11.*Z13Z11.*Z14Z11.*Z15Z11.*Z16Z11.*Z17Z11.*Z18];
X=[X Z12.*Z2 Z12.*Z3 Z12.*Z4 Z12.*Z5 Z12.*Z6 Z12.*Z7 Z12.*Z8 Z12.*Z9 Z12.*Z10 Z12.*Z11
Z12.*Z12 Z12.*Z13 Z12.*Z14 Z12.*Z15 Z12.*Z16 Z12.*Z17 Z12.*Z18 ];
X=[X Z13.*Z2 Z13.*Z3 Z13.*Z4 Z13.*Z5 Z13.*Z6 Z13.*Z7 Z13.*Z8 Z13.*Z9 Z13.*Z10 Z13.*Z11
Z13.*Z12 Z13.*Z13 Z13.*Z14 Z13.*Z15 Z13.*Z16 Z13.*Z17 Z13.*Z18 ];
X=[X Z14.*Z2 Z14.*Z3 Z14.*Z4 Z14.*Z5 Z14.*Z6 Z14.*Z7 Z14.*Z8 Z14.*Z9 Z14.*Z10Z14.*Z11
Z14.*Z12 Z14.*Z13 Z14.*Z14 Z14.*Z15 Z14.*Z16 Z14.*Z17 Z14.*Z18 ];
X=[X Z15.*Z2 Z15.*Z3 Z15.*Z4 Z15.*Z5 Z15.*Z6 Z15.*Z7 Z15.*Z8 Z15.*Z9 Z15.*Z10 Z15.*Z11
Z15.*Z12 Z15.*Z13 Z15.*Z14 Z15.*Z15 Z15.*Z16 Z15.*Z17 Z15.*Z18 ];
X=[X Z16.*Z2 Z16.*Z3 Z16.*Z4 Z16.*Z5 Z16.*Z6 Z16.*Z7 Z16.*Z8 Z16.*Z9 Z16.*Z10 Z16.*Z11
Z16.*Z12 Z16.*Z13 Z16.*Z14 Z16.*Z15 Z16.*Z16 Z16.*Z17 Z16.*Z18 ];
X=[X Z17.*Z2 Z17.*Z3 Z17.*Z4 Z17.*Z5 Z17.*Z6 Z17.*Z7 Z17.*Z8 Z17.*Z9 Z17.*Z10 Z17.*Z11
Z17.*Z12 Z17.*Z13 Z17.*Z14 Z17.*Z15 Z17.*Z16 Z17.*Z17 Z17.*Z18 ];
X=[XZ18.*Z2 Z18.*Z3 Z18.*Z4 Z18.*Z5 Z18.*Z6 Z18.*Z7 Z18.*Z8 Z18.*Z9 Z18.*Z10 Z18.*Z11




X - [ones(size(hole_data,l),l) W W A2 W A3 W.A4];%hole_data(:,l:22)];%W W A2 W A3 W.A4
hole_data(:,l).*W hole_data(:,2).*W hole„data(:,3).*W hole_data(:,4).*W hole_data(:,5).*W
hole_data(:,6).*W hole_data(:,7).*W hole_data(:,8).*W ho!e_data(:,9).*W hole_data(:,10).*W
hole_data(:,l 1).*W hole_data(:,12).*W hole_data(:,13).*W hole_data(:,14).*W hole_data(:,15).*W
hole_data(:)16).*Whole_data(:,17).*Whole_data(:)18).*Whole_data(:,19).*Whole_data(:,20).*W
hole_data(:,21).*W hole_data(:,22).*W hole_data(:,23).*W hole_data(:,24).*W];
%X= [ones(size(hole_data,l),l) hole_data];
%X - [X hole_data(:,l).*W.A2 hole_data(:,2).*W A2 hole_data(:,3).*W A2 hole_data(:,4).*W A2
hole_data(:,5).*W.A2 hole_data(:,6).*W.A2 hole_jiata(:,7).*WA2 hole_data(:,8).*W A2
hole_data(:,9).*W.A2hole_data(:)10).*W.A2hole„data(:,ll).*W.A2hole_data(:,12).*WA2
hole_data(:,13).*W.A2];
%X = [X hole_data(:,l).*W A3 hole_data(:,2).*W.A3 hole_data(:,3).*W A3 hoIe_data(:,4).*W A3
hole_data(:,5).*W A3 hole_data(:,6).*W.A3 hole_data(:,7).*W.A3 hole_data(:,8).*W.A3
hole_data(:,9).*W A3 hole_jlata(:,10).*W A3 hole_data(:,ll).*W A3 hole_data(:,12).*W.A3
hole_data(:,13).*W.A3];
















































% resultsY=[Yestmated Yestmated-ICY Yestmated+ICYICY*2./Yestmated];
% resultsCoeff=[Coeffs Coeffs-ICBeta Coeffs+ICBeta2*ICBeta./Coeffs];
%
% we need to read file with extension . txt
fid=fopen('DATA_2.txtyr'); % Ismail file name
hole_data=fscanf(fid,'%30f);
hole_data=reshape(hok_data,7,l 171); %7,1171); 6,865);
hole_data=hole_data';
size(hole_data);
%hole_data([ 2 3 21 23 25 44 49 52 53 ],:)=[];
%hole_data(35,:)=[];%[l 23456789 10 11 12],:)=[];
y=hole_data(:,l);
hole_data(:,l)=[];






































X=X(:,(-39>Coeffs| Coeffs>39)); % 0.0001 0.0001
% index_track3-index_track2((-0.9>Coeffs| Coeffs>0.9));



















% resultsY=[Yestmated Yestmated-ICY Yestmated+ICY ICY*2./Yestmated];




% There_is_error='Yes you have error in your data, please check it again to improve your result'
% end
267

